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Abstract

Signals transmitted through wireless medium undergo several distortion due to various atmospheric
effects. As a result, received several copies of the original signal with random attenuation and
phases causes the net received signal strength to fluctuate with time causing fading. Fading causes
degradation in the performance of communication systems relative to the performance in additive
white Gaussian (AWGN) channels. As the fading environment experienced by a mobile user keeps
on changing, the channel experienced by the user can be characterized by multipath fading, shadow
fading, or a mixture of the both. Some known fading models are Hoyt, Nakagami-m, Nakagami-g,
Generalized Gamma (GG), Generalized-K (Kg), N — u and K — u fading channels.

Effect of fading can be reduced by implementing diversity combining techniques in receivers in
which received copies of the original signal, are processed together to generate a resultant signal
whose rate of fluctuation becomes less compared to that of individual signal copies. Known basic
diversity combining techniques are selection combining (SC), maximal ratio combining (MRC) and
equal gain combining (EGC). To obtain best performance from diversity combiners it is required to
accurately estimate the instantaneous amplitude and phase of each signal copy. Under ideal con-
ditions, the performance improvement obtained through MRC is better than that of EGC which is
better than that of SC, compared to systems without diversity combining. In practice, the received
carrier phase is estimated using a first order phase locked loop (PLL). Due to the presence of ther-
mal noise in the phase estimation circuit the estimated parameters may not be accurate and hence
degradation in the receiver performance is obvious.

To maximize system capacity, mobile communication systems reuse frequency in cell clusters
which causes co-channel interference (CCI) resulting in further degradation in receiver performance.
Thus, phase estimation error and CCI are two issues of practical importance in mobile communica-
tions. Hence, an investigation on the performance of mobile communication systems using diversity
combining is necessary to know the amount of performance the practical systems can provide in the

presence of both phase estimation error and CCI.
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Abstract

In literature, analysis of diversity combining receivers in the presence of both phase estimation
error and CCI has not received enough attention. This analysis is challenging since it involves
handling of ‘desired signal with phase estimation error’ and CCI signals which could be received
through paths having different fading distributions. The performance analysis of the system in the
presence of phase estimation error, CCI and AWGN is certainly complex.

In this thesis work, the performance of EGC and MRC combining receivers is analyzed over
Hoyt, Nakagami-m, Composite (Generalized gamma and Generalized K) and non-homogeneous
fading channels (n — u and ¥ — u) with phase estimation error and CCI with a focus to obtain math-
ematical expressions, wherever possible, for different performance measures such as average signal
to noise ratio (SNR), outage probability and average bit error probability (ABEP). Numerical eval-
uation of analytically obtained performance measures is plotted and the effect of various system
parameters on the performance is studied. Obtained results are verified with simulation results and

compared with available results in literature for some special cases.
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Chapter 1

Introduction

1.1 Cellular Communication System

In mobile cellular communications, the entire geographic area is divided into small areas of identical
geometry called cells [1]. Each cell is assigned a set of channels (frequencies) for communication
from the total number of channels available within the allocated band of frequencies. The total
number of cells (M) to which the total number of available channels are assigned is called a Cluster
of M cells. Use of cluster provides the benefit to increase spectral efficiency and traffic carrying
capacity in cellular communication system. To maximize the capacity of the system, the clusters
are repeated at a minimum distance from a reference cluster [1,2]. This makes it possible to reuse
the same channels within the total area of operation resulting in enhancement of spectral efficiency
and the cluster size decides how closely the frequencies are reused. The cells operating with the
same frequencies are called Co-channel cells. Figure 1.1 shows the cell geometry in which seven
cells (A-B-C-D-E-F-G) form a cluster which are repeated. The desired user’s cell is denoted as A,
and A;s are the co-channel cells. For the purpose of analysis the geometry of cells is chosen to be
a hexagon with M number of cells within one cluster which satisfies the relation M = i2 +ij + j2,

where i and j are non negative integers.

TH-1272_06610211 1



Chapter 1 Introduction

CLUSTER

GEOGRAPHIC
CELL

Figure 1.1: Cell geometry with seven clusters (A to G) and co-channel cells. A, is the desired user’s
cell and A; are cochannel users’ cells.

1.2 Causes of Performance Degradation

There are a number of factors which may corrupt the signals propagating in the mobile communi-
cation channels. This results in the degradation of performance of mobile communication systems.
Some factors which are significant among various factors responsible for performance degradation

are discussed below.

1.2.1 Fading

Communication signals transmitted through wireless medium come across several natural and man-
made obstructions. All physical phenomena that are observed in a typical mobile communication
channel are shown in Fig. 1.2. Due to the presence of different objects in the path between transmitter
and receiver, the transmitted signal takes multiple paths to reach the receiver. Hence many copies
of the original signal gets generated, called multipath waves. These multipath waves arriving at the
receiver combine vectorially to form the resultant signal which varies widely in amplitude over a
short duration of time. The rapid fluctuations of the amplitude of the received radio signal over a
short period of time or travel distance is called fading. Performance of a receiver in the presence

of fading becomes poor when compared to the performance in an additive white Gaussian noise

TH-1272_06610211 2
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Figure 1.2: A typical mobile communication channel
(AWGN) channel.

Depending on the characteristics of the channel, fading can be of different types such as small-
scale fading and large scale fading. Depending on the signal parameters such as bandwidth, symbol
period, and the channel parameters such as root mean square (RMS) delay spread, and doppler shift,

different signals undergo different kinds of fading.

Small Scale Fading

In urban areas, there will be no line of sight path between transmitter and receiver. Due to the
presence of high rise man-made structures severe diffraction loss of signal occurs resulting in many
destructed copies of the original signal besides multiple reflections from various objects. Due to the
constructive and destructive effects of multipath waves summing at various points in space, a mobile
receiver can pass through several fades in a small period of time. Hence, even over a short duration
of time or short distance, the fluctuation of the amplitude of the received signal is severe. This is

called small scale fading.
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Chapter 1 Introduction

Large Scale Fading

The variation of the received mean signal strength for an arbitrary transmitter receiver separation
distances is called large scale fading. Large scale fading estimates the entire radio coverage area of
a transmitter. As the mobile moves away from the transmitter over much larger distances, the mean
signal strength will gradually decrease.

Large scale fading is more relevant to the issues such as cell-site planning. Small scale multipath

fading is more relevant to the design of reliable and efficient communication systems.

Multipath Channel Parameters
Coherence Bandwidth

Coherence bandwidth (B,) is the range of frequencies over which two frequency components have
a strong potential for amplitude correlation. In other words, it is defined as the range of frequencies
over which the channel is considered flat, meaning that the range of frequencies over which the
channel passes all the frequency components with approximately equal gain and linear phase. Co-
herence bandwidth describes the frequency invariance of the channel [1]. The coherence bandwidth

of a channel can be determined from the formula.

ﬁ, if frequency correlation function is above 0.9 )

B.= ' , where G is the RMS delay spread.
ﬁ7 if frequency correlation function is above 0.5

Doppler Spread

The measure of frequency shift in the received signal w.r.t the transmitted signal is called doppler
spread. The range of frequency components of the received signal is called doppler spectrum. If
a pure sinusoidal tone of frequency f; is transmitted the received signal spectrum will have the

components in the range of f. — f; to f. + f; where f, is the doppler shift [1].
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Coherence Time

Coherence time (7;) is the statistical measure the time duration over which the channel impulse
response is invariant. In other words, coherence time is the time duration over which two received
signals have a strong potential for amplitude correlation. The coherence time is related to maximum

doppler shift f,, by T, = %fm [1].

Types of Small Scale Fading

Depending on the relation between the signal parameters (bandwidth By and symbol period 7;) and
the channel parameters (RMS delay spread o and doppler spread By), fading can be classified into

different types as mentioned below:

Based on Multipath Time Delay Spread:

Based on the multipath Time delay spread, fading can be of two types viz. flat fading and frequency
selective fading.

Flat Fading

When the bandwidth of the channel is greater than the bandwidth of the signal, the received signal
will undergo flat fading. Since the channel bandwidth is greater, it can pass all the signal components
without any distortion. When the radio channel has a constant gain and linear phase response over
a bandwidth which is greater than the bandwidth of the signal, the signal undergoes flat fading.
Mathematically, this fading condition can be expressed as By << B, and Ty >> o7 [1].

Frequency Selective Fading

If the channel has a constant gain and linear phase response over a bandwidth less than the signal
bandwidth then the signal will undergo frequency selective fading. Different frequency components
of the signal will undergo different amount of fading. Mathematically, this fading condition can be

expressed as By >> B, and Ty << o¢ [1].
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Based on Doppler Spread:

Based on the doppler spread the fading can be of two types: Fast fading and Slow fading.

Fast Fading

If the channel impulse response changes rapidly within one symbol duration of the signal then the
channel fading is known as fast fading. It means, the coherence time of the channel is smaller than
the symbol duration. In practice, fast fading occurs only for very low data rates. A signal undergoes
fast fading for the condition 73 >> T and B; << By [1].

Slow Fading

If the channel impulse response changes at a rate much slower than the transmitted signal then
the signal will undergo slow fading. In frequency domain, if the doppler spread of the channel is
much smaller than the bandwidth of the baseband signal then the signal undergoes slow fading.

Mathematically, it can be shown as Ty << T, and By >> B, [1].

Fading Channel Statistics

Rayleigh Fading

Ralyleigh distribution is used to model the multipath fading without line of sight (LOS) path. This
distribution typically agrees with experimental data for mobile communication systems where no
LOS path exists between the transmitter and receiver antennas. It also applies to the propagation
of signal being reflected and refracted through the troposphere and ionosphere and to ship-to-ship
radio links. The probability density function (PDF) of a Rayleigh distributed random variable (RV)

can be given as [3]

20 o?
=— —— > 1.1

fa(a‘) Qexp( 29) ) a‘_ov ( )
where Q = E[0?] is the average power of the received signal envelope o. Rayleigh distribution

can be also modeled as the magnitude of complex Gaussian RV X + jY, where X and Y are two
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independent and identically distributed (i.i.d) Gaussian RVs with zero mean and equal variance.

Figure 1.3 shows the Rayleigh PDF for different values of €.

Nakagami-m Fading

Nakagami derived the m-distribution as an approximate distribution for the square root of sum of
“square of n independent Gaussian random variables,” where m = n/2. The distribution, for m = 1
corresponds to Rayleigh fading while m > 1 corresponds to a fading having severity less compared
to Rayleigh and m < 1 corresponds to a fading with severity more compared to Rayleigh [4]. The
Nakagami-m distribution is a generalized distribution of the multipath propagation. It gives best fit
to land-mobile, indoor-mobile multipath propagation and scintillation of ionospheric radio links [3].

The PDF of Nakagami-m distributed RV is given as [3]

m oy 2m—1 /
fal@) =2(3) Oé(m) exp (—%) >0, (12)

where Q = E[0?], m % 72 3 is the Nakagami-m fading parameter and I'(-) is the Gamma

~ Eji2—02
function. For 0.5 < m < 1 fading severity is high which occurs due to the scintillation in the iono-
spheric radio links, m = 1 denotes multipath fading with no LOS component and m > 1 denotes
fading with less severity. As a limiting case when m — oo, the Nakagami-m fading channel con-

verges to a nonfading AWGN channel. Figure 1.4 shows the Nakagami-m PDF for different values

of m.

Hoyt Fading

The PDF of the Hoyt distribution is given by [3]

1 2 1 2\2~2 1— 4\ 2
fala) = ﬁ—g“exp (%) Io ((46]—29)“) >0, (1.3)

where g € (0,1) is the fading parameter. For ¢ = 0 the distribution becomes one sided Gaussian

and for g = 1, it corresponds to Rayleigh distribution. Figure 1.5 shows the Hoyt PDF for different
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Figure 1.3: PDF of Rayleigh random variable. Figure 1.4: PDF of Nakagami-m random variable.

values of g.

Nakagami-n (Rician) Fading

The Nakagami-n distribution is also known as the Rice distribution. It is often used to model mul-
tipath propagation consisting of one strong LOS component and many random weak components.

The PDF of Rician distribution is given as [3, (2.15)]

2(1 2\ —n? 1 2\ v2 1 2
fulor) = (+”Q)e aexp(—(—'—%)b <2noc\/ ;” >,oczo, (1.4)

where n € (0,0) is the Nakagami-n fading parameter. This parameter is related to the Rician K

factor by K = n? which corresponds to the ratio of the power of the LOS component to the average
power of the scattered component. The Nakagami-n distribution spans the range from Rayleigh
fading (n = 0) to no fading (n = o). This type of fading is typically observed in the first resolvable
LOS paths of micro-cellular urban and suburban land to mobile, picocellular indoor and factory
environments. It also applies to the dominant LOS path of satellite and ship-to-ship radio links.
Ricean distribution can be modeled as oo = |X + jY|, where X and Y are two independent identical
Gaussian RVs with nonzero mean and variance Q. Figure 1.6 shows the Rician PDF for different

values of n.
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Figure 1.5: PDF of Hoyt random variable. Figure 1.6: PDF of Rician random variable.

Weibull Fading

The Weibull fading model considers a multipath wave propagating in a non-homogeneous environ-

ment. The PDF of Weibull fading is given by [3, (2.27)]
r(1+3) > B/2
B o 2
— (=T (1+= > 1.
(Gr(1+5)) Joze 09

Q
where B € (0, ) is the Weibull fading parameter and Q = E[a?]. Weibull PDF simplifies to Rayleigh

OLB_lexp

fo(a) =P

PDF for 3 = 2 and to an exponential distribution for § = 1 [3]. Weibull distribution is used to
characterize the mobile radio systems operating in the frequency range of 800/900 MHz in indoor
and outdoor environments. Weibull distribution can be modeled as o = (X2 + Yz)l/ B, where X and
Y are independent zero mean Gaussian RVs with variance Q. Figure 1.7 shows the Weibull PDF for

different values of .

Composite Fading

The channel characteristics between transmitter and receiver changes constantly as the mobile user
travels in different environments where the surrounding objects are not stationary. As a result, the

channel can be characterized by multipath fading, shadow fading, or a mixture of both the cases [5].
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Figure 1.7: PDF of Weibull random variable

In some environments, such as congested downtown areas and land-mobile satellite systems with
foliage and urban shadowing, the analysis of the channel model must include both multipath and
shadow fading. Hence, it is widely accepted that radio propagation is characterized by both long-
term fading and multipath fading. Several experimental measurement campaigns have shown that
multipath fading and shadowing occur simultaneously [6]. Thus, in order to study such fading
environments, a composite fading model must be considered. A relatively simple and versatile
envelope distribution that generalizes many of the commonly used models for multipath and shadow

fading is the generalized gamma distribution (GG).

Generalized-Gamma Fading

The GG distribution can be used to model the channel undergoing both severe and weak fadings. Itis
a versatile envelope distribution and it includes the Rayleigh, Nakagami and Weibull distributions as

special cases and the lognormal distribution as a limiting case. The PDF of the generalized Gamma

TH-1272_06610211 10



Chapter 1 Introduction

-
-
-~

Ly L e BT~
0] 0.5 1 1.5 2 25 3 3.5 4 4.5 5
Variable

Figure 1.8: PDF of Generalized-Gamma random variable

fading is given by [7, 8].

_ Bgamgﬁg—l _ Mg B,
)= 5 e (g >0 (10

where B, > 0, my > 1/2 are parameters of fading severity, Q, is related to the average fading power
as E [02] = (Qq/mg)*/P<T (mg +2/B,) /T (mg) [8]. The GG distribution approximates Rayleigh
for B, =2 and m, = 1, Nakagami-m for B, = 2, and Weibull for mgy = 1 as special cases. In the
limiting case as B, — 0 and m, — oo, it becomes the lognormal PDF. Figure 1.8 shows the GG PDF

for different values of m and f.

Generalized-K (K;) Fading

The Nakagami-m-gamma distribution is also known as generalized K (K¢) distribution. It is a mix-
ture of Nakagami-m and gamma distributions. In past, the K distribution was used for modeling
electromagnetic scattering from the physical media such as optical scintillation through atmosphere,

tropospheric propagation of radio waves and various types of radar clutters. Later on, this distribu-
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Figure 1.9: PDF of K random variable with m =  Figure 1.10: PDF of K random variable with k =
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tion was used to model the composite fading channels. The PDF of K distribution is given by [9]

(v+1)/2 v 1/2

dm o

ful) = k ik (2 <g> a) 0> 0, (1.7)
I (m) T (Br) k

where A = By —my, v = my + By — 1, my and By, are the fading parameters of K distribution [9], K, (+)
is the modified Bessel function of second kind and order A [10, (8.407.1)] and Q; = E[0?]/V is the
average fading power of K¢ distribution. Since, K¢ distribution is two parameter (my, ;) model, by
varying these parameters it is possible to get channels with different levels of fading and shadowing.
For example, if m; = 1 then Equation 1.7 simplifies to K distribution, for [y — o Equation 1.7
can be approximated to Nakagami-m distribution and for 8; — oo and my; — oo Equation 1.7 can be
approximated to AWGN channel. Figures 1.9 and 1.10 show the K PDF for different values of m
and P.

Non-homogeneous Fading

The fading models which are used to describe small scale fading such as Rayleigh, Nakagami-m,
Rice, Hoyt distributions etc., assume that the channel is homogeneous. In practice, the surfaces are
observed to be spatially correlated, which means that the channel is non-homogeneous [11]. The

distributions used to model non-homogeneous fading channels are generalized n-distribution and
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generalized g-distribution. They are applicable in the presence and the absence of LOS component
respectively and are more appropriate for modeling practical fading channels. Mathematical descrip-
tion of these two models are difficult [12]. So, parameterized distributions such as K — u distribution
and m — u distributions are used to model this type of non-homogeneous channels which have func-
tional similarities as that of generalized-n and generalized-¢q distributions, respectively [12]. These

two models are explained below:

The x — u Fading

The k — u distribution is used to model small scale fading in the presence of LOS components in

non-homogeneous fading channel. The PDF of k¥ — u distribution is given by [11, 12]

ptl u(l+x) (2
2u(l+x) 2 ote o ¢ K(l+x
fo(0) = u(l+i) > offe . [Zu %a],oc>0,1<>0,,u>0, (1.8)

KT exp (ux) o'

where Q =F [OLZ} , parameter K > 0 is defined as the ratio between the total power of dominant com-

ponents and the total power of the scattered waves, u denotes the number of multipath clusters and

E%(0?) 142k
V(o?) (1+2x)2

is related to other fading parameters as u = and 7,(-) is the modified Bessel function
of the first kind and v order [11, 12].

The k — u distribution can be used to model all well-known fading distributions by varying the
fading parameters. Equation 1.8 simplifies to, Rice distribution for u = 1, Nakagami-m distribution

for kK — 0, Rayleigh distribution for u = 1, ¥k — 0, and one-sided Gaussian distribution for u = 0.5,

Kk — 0[11,12]. Figures 1.11 and 1.12 show the k¥ — u PDF for different values of u and x.

The n — u Fading

The n — u distribution is used to model the non-homogeneous small scale fading in the absence of
LOS components. There are two formats of this type reported in the literature, both describe the
channel with different parameters. In Format 1, parameter N fgormar1 € (0,00) is the ratio between the

power of the in-phase components to the power of the quadrature phase components of each cluster
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of multipath. In Format 2, the parameter Ngyymar2 1S ranging from -1 to 1, which is the correlation
coefficient between the in-phase and quadrature components of each cluster of the multipath. Math-

ematically, it is possible to relate these parameters of Format 1 and Format 2 as Nrormar2 = L:EI;#“:

= NFormar2

ET—— These two are related to other common parameters 4 and H of both the

and NFormarl =

—1 —1_ . .
formats as in Format 1: 7 = 2+T14 +n, H=1 7 N and in Format 2: h = 1_1112, H= 1_nn2- With the

help of these two parameters the PDF of | — u distribution is given as [11,13]

1
4 T2 pH oM 2uH
fa(a) = \/FC'UH ] I 6_%0('21 1 [%az] , 00 > O,/J > 0, (19)
T(u)H* 202 2

where u is the half of the number of multipath clusters, which is related to other fading parameters
() H\2
i = i |1+ (1)

The m — u distribution is a two parameter model. By varying these parameters it can be approxi-

mated to other known models. In Format 1: Equation 1.9 simplifies to Hoyt distribution for u = 0.5

with Hoyt parameter b = —}l—n (or g =), one-sided Gaussian distribution for 1 — 0 and 1 — oo,

Rayleigh distribution for g = 0.5 and n = 1, Nakagami-m for uy=m, 1 — 0 or 1 — o [12]. In

Format 2: Equation 1.9 simplifies to, Hoyt distribution for g4 = 0.5 with Hoyt parameter b = —n

1

2 _
(orq” = 1

), one-sided Gaussian distribution for 1 — £1, Rayleigh distribution for g = 0.5 and

n = 0, Nakagami-m for y = m and 1 — +£1 [11, 13]. Figures 1.13 and 1.14 show the 1 — u PDF for
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different values of u and 1.

Fading Counter Measures
Diversity Combining

Diversity combining is a well known approach to mitigate the effect of fading in wireless channels. A
diversity combining operation improves the receiver performance by processing preferably a number
of statistically independent copies of the same information-bearing signal over two or more fading
channels and combining these multiple replicas efficiently. The intuition behind this concept is to
exploit the low probability of concurrence of deep fades in all the diversity channels at the same
time, hence reduce the probability of error or outage. The possible ways by which independent

fading signals can be obtained are enumerated below.

1. Spatial Diversity: By receiving signals from a source by different antennas placed sufficiently
apart statistically independent fading signals can be received [2,3, 14]. The minimum antenna
spacing for a mobile unit can be at least half wavelength [2]. For a base station, which is

stationary with elevated antennas, the required antenna spacing to receive independent faded
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signals can be much wider than the mobile unit antenna spacings [2]. An experimental value
of 30 to 50 wavelength for stationary receivers can restrict the correlation below 0.3 between

faded signals is also reported in [14].

2. Frequency Diversity: Signal may be transmitted through different modulation frequencies
which are sufficiently apart to induce independent fading channels. The minimum frequency

separation should be at least the coherence bandwidth of the channel [15].

3. Time Diversity: The same information signal transmitted at different time intervals can be re-
ceived as independent fading signals. The minimum time interval should exceed the coherence

time of the channel [15].

4. Polarization Diversity: Independent fading path may also be realized by simultaneous hori-

zontal and vertical polarizations transmission of signals [15].

5. Angle Diversity: Angle of arrival in case of beam forming antennas can also be used to gen-

erates independent fading channels [15].

6. Multipath Diversity: By resolving multipath components at different delays by using direct

sequence spread spectrum signaling along with a RAKE receiver [2, 15].

The spatial diversity technique can be classified into the following types:

Selection and Switched Combining

In this technique all the branches are scanned and the branch having highest SNR is chosen for
processing. It requires continuous monitoring of all receiving signals. The receiver performance
improves with the number of branches. Basic requirement of this diversity technique is the num-
ber of branches should be more. The instantaneous SNR ;. at the output of a L-branch selection

combiner can be given as Ys. = max(yj,Y2,...,Y), Where y;s are the received input SNRs [2]. The
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Figure 1.15: Block diagram showing principle of operation of MRC.

average signal-to-noise ratio (ASNR) of a selection combiner in a Rayleigh fading channel is given
as [2,(6.9]Y,. =7. é %, where ¥, is the average received branch symbol energy to noise ratio.
Another diversit;(/:clombining technique which is less complex than selection combining is the
switched combiner (SWC) which scans through the diversity branches until it finds one branch
having a SNR exceeding a specified threshold. This diversity branch is selected for processing
and is used until its signal to noise ratio falls below a specified threshold and switches to other
diversity branch when exceeds the thereshold. This diversity technique is also called switch-and-

stay combining. This keeps switching mechanism always in control.

Maximal Ratio Combining

In maximal ratio combining (MRC), the diversity branches are weighted by their respective complex
fading gains. The individual branch gains and their carrier phases are required to be estimated. The
output SNR is equal to the sum of individual SNRs. It gives an optimum performance but the
complexity is high. The average output SNR increases with the number of branches. Figure 1.15

shows the operation of MRC combiner. The output SNR of a L-branch MRC can be given as
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Figure 1.16: Block diagram showing principle of operation of EGC.

L
Ymre = Y. Yk, Where Vi denotes the signal to noise ratio of individual branch [2, (6.22)].
k=1

Equal Gain Combining

In this technique, the diversity signals are received through a number of antennas as shown in Fig-
ure 1.16. The signal of individual branch is weighted by unity and all the branches are cophased
with respect to one branch. The individual branch carrier phases are estimated for cophasing the

respective branch signals. It is relatively less complex when compared to the implementation of

lth

MRC. Figure 1.16 shows the operation of EGC combiner where the received signal of the /'" branch

is multiplied by e~/®, where ¢; is the phase of the received signal. In this operation it is assumed
that the phase ¢; is estimated by an additional circuit and the estimation is accurate. Subsequently,

in the combiner the cophased outputs are algebraically added to obtain the combined signal at the
2
output. The instantaneous output SNR of a L-branch EGC can be given as [2, (6.32)] Yeee = gi’—f.;,
L

where 0tgc = Y 0;, 0i; is the fading amplitude of the i'" branch and P, is the noise power per branch.
i=1
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1.2.2 Phase Estimation Error

Signals transmitted in a wireless channel may undergo random phase shift depending on the prop-
agation paths. In diversity combining the received signals at each combiner antenna may have
different phase shifts. To have effective combining it is required to undo the phase shifting of the
received signal [16]. Hence, it is required to estimate the phase of the received signals. But due to
the presence of doppler spread in carrier frequency, thermal noise and other unwanted signals in the
phase estimation circuit the estimated phase may not be accurate [16]. This inaccuracy in the phase
estimation is called the phase estimation error. This phase error causes the performance of diversity
combining receivers poor compared to ideal condition. When the carrier phase is estimated by a
first order phase locked loop (PLL) the random phase error follows the Tikhonov distribution given
by [16-18].

_exp[Ccos(y)]
fu(y) = Toamh(Q)

where ( is the carrier recovery loop SNR and I,,(-) is the n/" order modified Bessel function of first

v <, (1.10)

kind. The root mean square (RMS) phase error Gy,  is related to the Casoy~1/ \/z To ensure a
satisfactory coherent reception, the RMS phase error in tracking the signal phase should lie within

6° —12° [17].

1.2.3 Co-channel Interference

As discussed in the Section 1.1, the cells in a cellular system operating with the same frequency are
called co-channel cells. The base stations of all co-channel cells are likely to transmit simultane-
ously. A desired mobile user in one of the co-channel cells receives signals from co-channel cells
other than his own cell which are not meant for him. These unwanted signals are called co-channel
interference (CCI). Due to the presence of CCI, the performance of the mobile receivers degrades.
As fading cannot be avoided in mobile communication bands of frequencies, the performance fur-

ther degrades due fading. There can be a wide variation of fading types as the signals from cochannel
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cells travel different paths depending their location.

The above discussed three causes of receiver performance degradation i.e., fading, phase estima-
tion error and CCI are main factors those occur in practical systems. Their combined effect affects
the performance of receivers used for cellular mobile communications. To have effective mobile
communication there is a need to design a receiver which can operate satisfactorily in the presence
of these effects. In this thesis work, we analyze the outage and ABER performance of EGC and
MRC diversity combining schemes in the presence of CCI and phase estimation error for different

fading environments.

1.3 Literature survey

Phase Error:

Sagias and Karagiannidis studied the effect of phase error on the performance of dual branch
EGC receivers in correlated Nakagami-m fading channels using moment generating function (MGF)
and Padé approximation approach [19]. Najib and Prabhu presented the error probability of EGC
receiver assuming imperfect carrier recovery due to the presence of random noise in carrier recovery
loops [16]. Rhodes studied the detection loss due to imperfect carrier synchronization for coher-
ent phase-shift-keying (PSK) communications. This detection loss was greater for quaternary PSK
(QPSK) signaling than for the binary PSK (BPSK) case. It was shown that the use of offset QPSK
instead of conventional QPSK modulation for a specified value of allowable detection loss requires
almost 3 dB less SNR [20]. Smadi and Prabhu developed a new method to analyze the performance
of partially coherent phase shift keying systems in EGC receiver [21].

Co-channel Interference:

Beaulieu and Adnan presented the performances of QPSK in the presence of CCI in both non-

fading and fading environments. Two interference models were considered, in AWGN environment

and in different flat fading environments [22]. Abu-Dayya and Beauleiu derived closed form ex-
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pressions for outage probability in generalized Nakagami fading environment for EGC, MRC and
SC diversity combining schemes [23]. Song et.al., presented a new outage performance analysis for
EGC receiver that are limited by CCI in Rayleigh fading [24]. In [25], the performance analysis of
MRC receiver with imperfect channel estimation in the presence of CCI is presented. The channel
coefficients and their estimates were assumed to be complex Gaussian distributed. Closed form ex-
pression for outage probability and average symbol error probability (ASEP) were presented. In [26]
the effects of imperfect channel estimation on MRC receiver are examined with multiple cochannel
interferer over Rayleigh fading channels. Velkov presented the second order statistics of EGC in the
presence of CCI for Rayleigh fading channels by applying the characteristic function (CF) method
and the Beaulieu series [27]. Shah and Haimovich presented the performance of MRC receiver in
the presence of multiple CCI sources for Rayleigh or Rician fading channel. The interfering user
signal was considered as Rayleigh [28]. Rahimzadeh derived the exact closed-form expressions for
the BER of BPSK in Rayleigh fading channels of MRC receiver was presented in the presence of
CCI and AWGN [29]. More recently, Paris and David derived exact closed-form expressions for the
outage probability of Hoyt fading channels under CCI [30]. David ez. al. derived exact closed-form
expressions for the outage probability of MRC in m — u fading channels with antenna correlation
and CCI [31]. Aalo and Zhang studied the effect of CCI on the performance of digital mobile ra-
dio systems in a Nakagami fading channel. The performance of MRC diversity in the presence of
multiple CCI interferes and AWGN were presented. Closed-form expressions were derived for the
ABER and outage probability of both coherent BPSK systems. In [32], Leib and Pasupathy pre-
sented the study of vectors perturbed by Gaussian noise. In [33] Beaulieu and Cheng derived the
BER of bandlimited BPSK and CCI environment for perfect coherent detection
Fading Channels:

Karagiannidis presented a moment based approach for the performance analysis of an L branch
EGC receiver using Padé approximation method [34]. Mendes et. al., derived expressions for mo-

ments and correlation coefficient of two Hoyt (Nakagami-g) signals [35]. Patel et. al., presented
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the performance of EGC receiver over correlated Nakagami-m fading with arbitrary m and unequal
branch SNR’s. Closed form expression for ABER for coherent binary modulation schemes were
derived [36]. Zogas et. al., presented the performance of EGC receiver over Hoyt and Rician fad-
ing channels using MGF and Padé approximation method. Exact closed-form expressions for the
moments of the combiner output SNR were derived [37]. Karagiannidis et. al., presented the perfor-
mance of a dual branch EGC receiver over correlated Nakagami-m fading using the CF method. The
performance was done for BPSK and coherent BFSK [38]. Nakagami-m distribution is a generalized
distribution of the multipath propagation [4]. It often gives the best fit to land-mobile and indoor-
mobile multipath propagation. Scintillation of ionospheric radio links is modeled by Nakagami-g
distribution [39]. Hoyt derived the distribution functions and the cumulative distribution functions
pertaining to the modulus and angle of the normal complex variate when the mean is zero and vari-
ance is different for the in phase and quadrature components of the normal complex variate [39].
In some environments, such as congested downtown areas and land-mobile satellite systems with
foliage and urban shadowing, the analysis of the channel model must include both multipath and
shadow fading. A relatively simple and versatile envelope distribution that generalizes multipath
and shadow fading is the generalized gamma distribution (GG) [7]. In [7] Stacy introduced the
GG distribution. The author had generalized the two parameter gamma distribution which includes
Rayleigh, Nakagami-m and Weibull as the special cases and Log-normal as the limiting case. In
addition to the GG distribution, generalized-K(K¢) distribution is also a versatile distribution for
the accurate modeling of the composite propagation consisting of multipath fading superimposed by
lognormal shadowing [5]. The correlated bivariate generalized-K(K) distribution is introduced and
studied in [5]. The performance analysis of MRC, EGC, and SC over bivariate K fading channel
were also presented. In the available small scale fading models such as Rayleigh, Nakagami-m,
Rician and Hoyt the channel is assumed to be homogeneous. But in practice, the surfaces are ob-
served to be spatially correlated, which means the channel is non-homogenous. The N —u and K —pu

fading channels are the non-homogenous channels. Yacoub introduced the k¥ — u distribution as a
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generalized distribution and showed it includes the Rice and Nakagami-m distribution as the special
cases [11]. Yacoub also presented two general fading distributions, the k¥ — u distribution and the
1 — u distribution and proposed fading models for the distributions [12]. Yacoub introduced the
symmetrical 1 — u distribution as a general distribution to describe the statistical variation of the

envelope in the fast fading environment [13].

1.4 Motivation

In literature, the performance of all diversity receivers are analyzed assuming the estimated channel
parameters are exact. Practical problems in the application of diversity receivers, such as phase
error, timing error are not considered. Due to the presence of noise in the phase estimation circuit,
the estimated phase is not exact resulting in phase estimation error or phase error. In literature,
this problem of phase error has not been investigated in depth due to the complexity in deriving
the statistics of output SNR of diversity receivers with phase error. The received signal at the array
output of the diversity combiner becomes complicated due to phase error, meaning the detection of
the phase results in a random variable instead of being zero as in the case when the estimated phase
is assumed to be exact. The performance analysis of diversity receivers requires the knowledge of
the closed form statistics of the output SNR of diversity receivers with phase error in addition to
fading. So, the problem of phase error is considered for investigation in this thesis.

In addition to phase error, another practical problem that occurs in wireless communication is
also analyzed which is the CCI. When the CCI occurs, the received signal itself becomes very
complicated when compared to the non CCI case. Each antenna receives a signal which is interfered
by N CCI users signal. In most of the cases, where CCI is dealt in literature two assumptions
are made. Firstly, the fading environment is assumed to be only interference limited omitting the
AWGN. When AWGN is considered, it becomes very difficult to solve the steps to reach the output

signal-to-interference-plus-noise ratio (SINR) starting from the received signal which is already
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complex in nature. Secondly, the CCI signals are assumed to be in perfect synchronization to the
desired user. But practically both the cases cannot happen. In literature very few research work
is presented on the performance analysis of diversity receivers with CCI considering both noise
and asynchronous case of desired user and interfering user. So, all together in addition to fading,
the problem of phase error, interference with AWGN are together considered for analysis. To be
specific the performance analysis of EGC and MRC receivers are analyzed in the presence of phase

error and CCI.

1.5 Problem Formulation

It is observed from the literature survey that the analysis of diversity combining receivers in the
presence of both phase estimation error and CCI has not received enough attention. This analysis
is challenging since it involves desired signal with phase estimation error with CCI signals which
are received through paths having different fading distributions. For example, signals path from
one cochannel cell to the desired user cell may follow Rayleigh distribution whereas from another
cochannel it may be Nakagami-m distributed. In addition to the above two problems, if additive
white Gaussian noise is considered the analysis becomes more complicated. With the above dis-
cussed issues many open problems can be formulated for analysis.

In this thesis work, it is proposed to analyze the performance of EGC and MRC combining
receivers with phase estimation error and CCI over various fading channels. The focus is to ob-
tain mathematical expressions, wherever possible, for performance measures such as ABEP, outage

probability and average output SNR.

1.6 Thesis Contribution

In this thesis work, performance of EGC and MRC diversity combining receivers are analyzed with

phase estimation error, CCI and AWGN. The contribution under EGC and MRC receivers categories
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are as stated below:
1. Performance analysis of EGC receiver:

(a) ABEP of dual EGC receiver over correlated Hoyt, Nakagami-m and ‘composite and non-

homogenous’ fading channels.
(b) Outage probability of L-EGC over Composite Fading Channels.

(c) ABEP and Outage of L-EGC over Nakagami-m fading channels using PDF based ap-

proach.

2. Performance analysis of L-MRC receiver over Nakagami-m fading channels.

1.7 Thesis Organization

Chapter 2 describes the system model, for the EGC receiver performance measures and analysis
techniques, and provides definitions of some useful notations to be used in subsequent chapters.
Chapter 3 presents the ABEP and outage performance of EGC receiver with phase estimation error
and CCI over correlated Hoyt fading channel, Composite fading channels and Nakagami-m fading
channel. The performance analysis of EGC receiver over Nakagami-m fading channel using PDF
method is also presented. Chapter 4 presents the performance analysis of MRC receiver with channel
estimation error and CCI over Nakagami-m fading channels. Chapter 5 presents the conclusion of
the thesis with a brief summary of the work presented. Besides, it introduces some research problems

for future work.
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System Model and Analysis Methods

2.1 System Model

Let us consider a cellular communication system with hexagonal cell structure as shown in Fig-
ure 2.1. The desired user’s cell is denoted as A, and the cochannel cells are denoted as A;. Number
of cochannel cells vary with the cluster size of the cell under consideration. For the cluster size
of seven shown in the figure there will be six cochannel cells. The users in A; cells may transmit
simultaneously while the users in A; cell keep receiving their signals from base station, resulting in
CCI at the desired user’s receiver.

Let the desired user’s signal is given as s4(f) = a,gr(f), where a; is the data symbol correspond-
ing to the desired user’s information bit and gr(¢) is the transmitter impulse response. The channel
through which the desired user’s signal propagates is assumed to be a fading channel with oy as
the fading amplitude. The CCI signal can be given as s;(t) = a;gr(t),i = 1,2...,N, where g; is the
data symbol corresponding to the information bit of the /" interfering signal and N is the number
of active CCI transmission. The data symbols a; and a; are assumed to take values +1 with equal
probability. The channel between the i interfering transmitter output and the desired user’s receiver

input is assumed to be a fading channel with fading amplitude «;. The fading amplitudes o, and
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Desired Signal

Base Station Transmitter Antenna

CCI Signa

Desired User’s Mobile Receiver

Figure 2.1: Desired and CCI signal in cellular communication system. A, is the desired user’s cell
and A;s are cochannel cells.

o,;s may not be from the same fading distribution as they are likely to be received through different
propagation paths. The interfering users may transmit asynchronously with 7; as the delay of the
i"" interfering user’s signal relative to the desired user’s signal. For synchronous CCI, when all the
interfering users transmit simultaneously with the desired user, T; = 0.

For synchronous CCI, an EGC combiner gives an overestimation of the interference power
whereas for the asynchronous CCI case the power estimation is exact [40,41]. Interference power
being an overestimation, the performance under synchronous assumption becomes poor compared
to the performance of asynchronous case. Other way saying, the impairment caused by CCI to the
desired user’s signal is maximum, worst case, considering interferes as synchronous compared to
asynchronous CCI users. As a fact, when all the interfering signals are half symbol duration delayed
from the desired user, the impairment is minimum [41]. In [29], it can be seen that the interfer-
ence power of synchronous CCI given as g“l P;, whereas the interference power in the asynchronous

i—
case becomes a weighted sum of P;s where the weights are a function of involving delay t; of CCI

signals [29, (2b)]. Similar discussion on the effect of interference power on synchronous and asyn-

chronous cases are also presented in [24], [42], [43]. Assuming synchronous CCI, the received
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signal at the desired user’s receiver can be given as
N

r(t) = oe/®sy(t) + Y si(t) ol + ng(t), 2.1)
i=1
where @y is the phase of the desired user’s received signal, ¢; is the phase of the signal received from
the i/ CCI transmission and n(t) is the AWGN with zero mean and power spectral density Np.
To counter the effects of fading on the desired user’s receiver performance we assume an L-
branch EGC diversity combiner as discussed in Section 1.2.1 (Figurel.16) is implemented for re-
ceiving signals. Assuming the desired user’s transmitter and N CCI users are transmitting asyn-

lth

chronously, the complex baseband received signal at the /" antenna of the EGC over a symbol

duration 7 can be expressed from the Equation 2.1 [19,24]

N
Ty (t) - al,sejq)lﬁsss(t) + Z al,iejq)l’isi(t - Ti) +nl,s(t)al - 07 17 27 * 7L7 (22)
i=1

where ny 4(¢) is the AWGN with zero mean and power spectral density N, and the RVs ¢; ; and ¢;;

are carrier phases.

2.2 Gaussian Assumption for Cochannel Interference

The interference term in Equation 2.2 is assumed to have a Gaussian distribution. The conventional
form of the central limit theorem cannot be applied here because the interference term consists of
independent, but not identically distributed terms . So, another form of the central limit theorem
given by Cramer can be applied [25,28,44-46]. Cramer’s central limit theorem states that the sum
X1+ X2+ ...+ X, of alarge number of independent variables, is approximately normally distributed

if
1. every component has a zero mean value;
2. every component has a finite variance 67 = E[X?];

3. 6i/sy — 0 and s, — oo, where s, = 67 +...+ 02,
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It can be shown that the interference component in Equation 2.2 satisfies these conditions, from
the properties of the symbol a; assumed in Equation 2.1 and hence can be assumed Gaussian to be

Gaussian distributed [22,28].

2.3 Performance Analysis Methods

Performance measures such as average output SNR, outage probability, average bit error probability
(ABEP), amount of fading, level crossing rate etc. are used to compare the potential of different
diversity combining techniques discussed in Section 1.2.1. Among these measures, the average out-
put SNR, outage probability and ABEP are frequently used measures. As per the literature survey,
a number of methods have evolved over the years to obtain these performance measures mathe-
matically for different combining schemes. These methods can be broadly categorized under the

following headings.
1. PDF based method.
2. Moment generation function based method.

3. Characteristic function based method.

2.3.1 Probability Density Function Based Method
Average Signal-to-Noise Ratio

The average signal to noise ratio (ASNR) is the most common performance measure of a com-
munication receiver. Average SNR is defined as the statistical average of SNR over probability

distribution of the fading and is given by [3, (1.1)]

7= /0 Y)Y, (2.3)

where fy(7) denotes the PDF of the received SNR .
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Outage Probability

Outage probability (P, ) is an important performance measure of any communication receiver. It is
defined as the probability that the output SNR falls below a certain threshold 7;,. Mathematically, it

can be given as [3, (1.4)]

Yeh
Pt = /O Ay, 2.4)

Average Bit Error Probability

The conditional average bit error rate (ABER) over the distribution of fading channel and is given

by [3, (1.8)]

Py(e) = /O " Po(e/V )y, 2.5)

where f(y) is the PDF of SNR of the fading channel and P, (e/v) is the conditional BER, depends

on the type of modulation employed at the transmitter.

2.3.2 Moment Generation Function Method

If the PDF of the output SNR is not available or if it cannot be derived in an usable form then the
MGF method can be used for the analysis of system performance. This method uses the MGF of
combiner output SNR in the evaluation of ABEP. The method is discussed below:

ABER of a communication system in AWGN channel can be obtained from the useful expression

given as [3, pp. 124]

/2
Po=1 [m (_ < )de 2.6)
e_no "\ 2sin%@ ’ '

where a is a constant depends on the modulation scheme used for transmission and M,(-) is the MGF

of the output SNR. The MGF of the output SNR can be given as My(s) 2E [exp(sy)] [3] which can

TH-1272_06610211 30



Chapter 2 Performance Analysis Methods

be expressed by applying Taylor series to the exponential function as

(o} Sn
My(s) =}t 2.7)
n=0 .

where u, = E[y"] is the n'" moment of .

Thus, an expression for ABER can be obtained by substituting Equation 2.7 in Equation 2.6 and
solving the finite integral. Since the MGF expression in Equation 2.7 is an infinite power series, to
obtain the sum the Padé approximation method can be used. This method can express the infinite
series as a rational function, called Padé approximant, of polynomials of a specified order N + 1 for
the denominator and N for the numerator which can accurately approximate My(s). This requires
only a finite number of moments to give approximate, but highly accurate, value of MGF. For such
kind of rational functions, only a finite number of moments i.e., the first (2N + 1) order moments
are needed in order to construct the approximated My(s) [34]. A discussion on Padé approximation
is presented below. Further, the technique to obtain the approximated rational function is illustrated

with an example in Appendix A.11.

2.3.3 Applying Pade Approximation Method for Analysis of EGC Receiver

Pade approximation is an useful mathematical tool which accurately approximates expressions in-
volving infinite series and is used for the approximation of moment generating functions in litera-
ture [34,47]. Performance analysis of EGC and MRC diversity receivers depend on the statistics of
the combined SNR of all the branches at the antenna array output. Generally, it is difficult to obtain
PDF of the output SNR [47]. Specifically, ABER and outage probability involves integration of the
PDF of the output SNR and even if the PDF of output SNR is derived in closed form it becomes very
difficult to numerically evaluate the ABER and outage expressions [47]. It is also mentioned that
for the MGF method, Pade approximation approach is one accurate method to numerically evaluate
performance of receivers [47]. More specifically, in literature, very important works on the ABER

performance of EGC receiver was done using the Padé approximation [6,19,37,48]. The difficulty in
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EGC receiver is more because the output SNR is the square of the sum of received signal amplitudes.
Moreover, we have also considered the problem of phase estimation error, which further increases
the complexity. Additionally, for different fading channels considered in the thesis work such as
correlated Hoyt, generalized gamma and generalized-K, derivation of the PDF of the output SNR
with phase error is not possible. So, the Padé approximation approach can be handy for numerical
evaluation of the obtained expressions. Regarding accuracy, the Padé approximation method accu-
rately approximates the MGE. A complete description of the Padé approximation method starting
from the moment generating function is given in the thesis. An example to show the accuracy of
the Padé approximation is also given in Appendix. Hence, the Padé approximation method is close
to exact and approximates the MGF closely and hence it doesn’t affect the performance analysis in
large scale. The results are also cross checked with the simulation results for ensuring the accu-
racy. For binary phase shift keying (BPSK) modulation for which a = v/2, the ABER expression in

integral form can be given as

?—ll'—‘

7
/ Yeee (—5in"2(0)) a6, 2.8)
0

which requires a numerical evaluation.

Average Output SNR: The average output SNR of a diversity combiner is given by [3, (1.3)]

__d
V=1 [My(s)] Is=o. (2.9)

where My(s) is the MGF of the combiner output SNR.

Outage Probability: The outage probability is given by [3, (1.6)]
G+ joo
1 My(—s)
Pout (Yrn) = o / ys elth*ds, (2.10)

G— joo
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where G is chosen in the region of convergence of the integral in the complex s-plane.

Average BER: The average BER using MGF approach is given by [3, (1.14)]

L7 ()

— D\—S

P.(7) = . 2.11

D=5 | 7y @11)
G— joo

2.3.4 Characteristic Function Based Method

In this approach CF of the receiver variables is used to obtain performance measures. For a coherent
receiver with BPSK modulation, the ABER can be obtained using the following formula (Gil-Palaez

lemma) [36]

Pe(?):Pr(D1<O):%—$/S{q)D—O')(j(D)}d

—o0

o, (2.12)

where ®p, is the CF of the receiver output decision variable D assuming a ‘1’ was transmitted.
For receivers with noncoherent modulations, the CF based formula for ABER can be given as

(using Parseval’s theorem) [49]
P.(y) = —1 /EK{G*( )Py (s)}d (2.13)
e\Y p / §)Pyl(S)pas, .

where ®(s) is the CF of the combiner output instantaneous amplitude, G(s) is the Fourier trans-
form of the conditional error probability and * is the complex conjugate operator. This method is
appropriate for ABEP performance of EGC receiver. Since, the Equation 2.13 requires only the
combiner output CF, this formula can be safely used both for coherent and noncoherent modulation
schemes. Besides, it can also be used to analyze combiners with both independent and correlated

fading branches.
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Performance of EGC Receiver

Among known diversity combining techniques, EGC can achieve a performance close to the opti-
mum performance of MRC with relatively less implementation complexity [47]. As discussed in
Section 1.2.1, multipath diversity signals received at the input branches of the EGC combiner are
co-phased and added whereas in MRC the received signals are required to be weighted by their
respective complex channel fading gains before being added, prior to detection. Due to two most
important features such as ‘closeness of performance to MRC’ and ‘less implementation complexity
relative to MRC,” EGC can be preferred over MRC in practical applications.

Performance analysis of EGC receiver is challenging since the combiner output signal amplitude
variable is a function of sum of L received random fading signal amplitudes [3]. The received fading
signals can also be either statistically independent or correlated. Mathematical analysis would be
relatively less complex if the received multipath signals are statistically independent. If the receiv-
ing antennas of the combiner are spaced sufficiently apart the received signals can be statistically
independent. As reported in literature, in a uniform scattering environment with omnidirectional
transmitting and receiving antennas, the minimum separation needed between any two successive
antennas to achieve independent faded signals is approximately 0.38, where A is the received carrier

signal wavelength [47]. With independent signal assumption, a closed form expression for the PDF
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of EGC combiner output RV for / > 2 is not available even for Rayleigh fading channels [49]. The
challenge in the analysis increases with the assumption that the fading is correlated which further
goes up with the consideration of the presence of phase error and CCI signals besides AWGN.

In this chapter, we present ABEP and outage performance of dual EGC (L = 2) receiver in
the presence of phase error and CCI, for various fading channels. The ABEP analysis has been
performed using MGF based approach. Since analysis of the above system is not mathematically
tractable beyond L = 2, for L > 2 we present the analysis by considering the presence of phase error
and AWGN only (i.e. no CCI). For this system, we present the outage and ABEP applying PDF
based approach.

In an ideal EGC combiner, received L faded copies of the transmitted signal are equiphased and
each is weighted by unity gain [3]. Equiphasing operation requires the phases to be estimated and the
error introduced in this estimation is known as the phase estimation error. Assuming the estimated

I'" branch of the combiner is $l,s’ the demodulated signal at the

phase of the input signal of the
combiner output at the sampling instant 7' can be given for synchronous case (t; = 0) as (derived in

Appendix A.1) [19,22]

L
Zazal e] Ori— (I)ls) (3.1)
=1

™M=

L L
y= Egas Z Ocmejlllz,s + Z no,le_]‘pls Eg
=1 =

I
_

i

o0 T
where E, = [ g2(t)dt, no; = [ n4(t)gr(t)dt which can be shown to be Gaussian with zero mean
0 0

and power spectral density NoEg, Wy 5 = ¢ 5 — 617 s 1s the phase estimation error and N is the number
of cochannel users in the system. Throughout the thesis the phase estimation error is assumed to be
Tikhonov distributed. The random phase (¢; ; — 617 s) is i.i.d and uniformly distributed in (0, 27). It is
assumed that o ; and oy ; are independent and ; 5, and (¢;; — 517 s) are approximately uncorrelated.

For an L branch EGC receiver, the instantaneous output SINR with phase error and CCI can be

derived from Equation 3.1 which is given in Appendix A.2. Thus, the expression for the SINR can
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be given as

L 2
2
Eg {Z Oy s COSWI,S:|
I=1

Yege = ) (3-2)

LNoEg + E? ig lf} [oc;{ ]
Since, N cochannel interferes are i.i.d with the identical fading parameters m and identical aver-
age power, the instantaneous interfering signal voltage phasors are added together to produce the
resultant instantaneous interfering signal with resultant interference power IZV‘, i [0(127 123, (8b)].
As per the performance analysis measures discussed in Section 2.3, ilt_rlel;ires an expression
for the PDF of combiner output SNR. Hence, for the analysis of the system under consideration an
expression for the PDF of SINR is required. The SINR expression presented in Equation 3.2 has
a term in its numerator carrying summation of L RVs i.e. o scosy; ;. To obtain the PDF of SINR
we require an expression for the joint PDF of the L—variable above RV. A general expression for
the PDF of sum of L RVs although can be written in integral form i.e. as a convolution of PDF of
individual RVs (applicable for independent RVs only), the complexity goes up handling it further.

Hence, in this presentation we limit our analysis of the system to dual EGC i.e, L = 2 only. Below

we present the analysis for a dual-EGC receiver with phase error, CCI and AWGN.

3.1 ABEP Analysis for Dual-EGC

An expression for the PDF of SINR at the output of the dual EGC receiver can be obtained by putting

L =2 in Equation 3.2, as

2 2
Eg2 L)—:l o 5 coswljs}
Yege = = 3 . (3.3)
2NoEg +E2 .):1 121 [oc,{ ]
1=1/[=
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Moments of EGC Output SINR

The n'" moment of Yege can be obtained from Equation 3.3 as
- 2 2 n
[121 1,5 COS (Wl,s):|

N 2
(143 £ 1)

E [Yo] = (5) '

n

2 9
)y Yl,i)

=1[=1

2n
E

= (%)nE 22‘, Viscos (Vi)

Li=1

(3.4)

NI>—‘
MZ —

<1+
2

E > E
where y; s = M is the SNR of the desired user’s signal and 7y, ; = a’ i— is the SNR of the received

CCI signal at the /" input branch of EGC. Then applying binomial 1dent1ty [10, (1.111)] (repro-
2n
duced in Equation A.88) to the expression ): V1.5 COS (1|ll7s)} in Equation 3.4, the n'* moment

of Yegc can be expressed as

n

N [Ykl /2yk2/2 5

E [ngc] = (22’1) Z %HE [cos (v, s)} Nl > 3.5)

Ly (144 % £ [n.])

The k;th order moment of the cosine function in Equation 3.5 can be given as [19, (8)]
1 & k\ Tojmiy (Crs

Eleos' (wi.)) = 357 1o (J) #l()) (3.6)

n
where {; s = (1/0w,,)*. An expression for the nth order moment E . in the

(1+ Z Z Yll)
Equation 3.5 for Nakagami-m distributed CCI has been derived in Appendix A .2, which can be

given as

n

| 2m;
E — :w(zmiN,zmiN+1—n,ﬁ), (3.7)

(H%z zm) "

i=11=1

where 7; is the average SNR of the interfering signal and ¥(a, b, z) is the “confluent hypergeometric

function” [10, (9.21)]. Thus, substituting Equations 3.6, 3.7 and E [y’f's/ 2\(];28/ 2] in Equation 3.5, an
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expression for the n'"

ki/2 k2/2]

moment of Y, can be expressed in closed-form. As the term E [71 s Yo
is fading distribution dependent expressions can be derived for it for the fading channels under

consideration.

3.1.1 ABEP Evaluation Method

From the expression obtained for the dual-EGC SINR in Equation 3.3, derivation of an expression
for its PDF is not straightforward. So, the MGF method as discussed in Section 2.3.2 can be used to
obtain ABEP for a given modulation scheme. As we know from Equation 2.8, we need an expression
for the MGF of SINR Y,.. For a number of fading channels we present below the MGF of y,,. and

apply the MGF expression in Equation 2.8 followed by numerical integration to obtain ABEP.

3.1.2 Correlated Hoyt Fading Channels

According to the system model discussed in Chapter 2 and the mathematical expression for EGC
receiver output signal given in Equation 2.2, the desired user’s channel is assumed to be correlated
Hoyt fading with marginal PDF given in Equation (1.3) with fading parameter ¢g. The signals re-
ceived at the desired user’s receiver due to CCI users is assumed to be received through a Nakagami-
m fading channel i.e., the fading amplitude o ; is Nakagami-m distributed with the PDF expression
given in Equation 1.2. The fading amplitudes o ;s are assumed to be i.i.d Nakagami-m RV with
fading parameter m;. To simplify the analysis in the work presented here we assume that the CCI
users are transmitting synchronously i.e. t; = 0.

To obtain ABEP for BPSK modulation using the integral expression derived in Equation 2.8
we require an expression for the moments of of Y., which is given in Equation 2.7. To use this
expression for ABEP evaluation we also require an expression for E [’y’f‘s/ ZYIZX/ 2], where ki and k;

are integers and v, s and > ; are SNRs of the Hoyt faded signals received at the dual-EGC inputs.

5 ni 5 no
For Hoyt distributed RVs o ¢ and 0 5, an expression for E L‘Z“ Lz‘ is pre-
’ ’ Elat,] Ela3,]
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E 2
sented in [35]. This expression cann be modified using the relation in Equation 3.4, 1.e., v, s = gl(\z”s)

and the expression for £ [y];' S/ 27152/ 2] can be obtained as shown in Appendix A.3, as

[Ykl/zykz/z] _ ( q )’””2 u ﬁ T (ni+1)T(ny+1)
Lis 128 l1+gq 0= D+ D) (+ 1)L (n —11+1)

X(1)’1+’2(2t1)!(2n1—2t1)! <p2)n1
q C(na—n+1) \ 2
y tzl mit] 2t122i1n1+[iz/z2]:—t1—j1(_1)i2 [2(ny +ny —ty — iy — j1 — jo) — 1]
120 1=0 =0 jy=[ia/2] (201 =201 —i2)![2(n1 — 11 — j1 — j2) + 2]
X(2t2+2]2—1)u( )’I+lelts
i11ix!j1!(2)2 — ip)!p2lit+it)

; (3.8)

where n; = k1 /2 and ny = ko /2. Substituting Equations 3.6, 3.7 and 3.8 in Equation 3.5, the n'"

moment of Y,e- can be written as

8" Py 1+gqg 01— l‘1—|—1 (t2+1)F(n1—t1+1)
ko=2n—k
y Z Z C(n+1)T(np+1) (261)!(2n) —21;)! (1)““2 (p_2>"‘
tl—l—l (t2+1)F(n1—t1+1) F(nz—tz—i—l) q 2

f nl—tl2t17211n1+L12/2J*11*j1

n  [2mtm—t =i —ji1—j2)— 1!
X (=1)2 — e —
ilg’o jlzz'o i;:"o jz—%/ﬂ (@ =20 =)l — =i = o)+ i

I 1

X(2f2+2J2—1)”( p2) YT 2 K (kl) 27~k (Gw,f)
i1lin!j11(2j2 — in) P2 Hinky s ! I=1r=0 10( 1 )
Gwl,s2

2m;
P <2mN 2N+ 1—n, m) (3.9)

Yi

Thus, MGF of dual-EGC output SNR can be obtained from Equation 2.7 by substituting Equa-
tion 3.9 in it. The infinite series can be evaluated using the Padé approximation method discussed in
Section 2.3.2. Then, the ABEP for BPSK modulation can be obtained by the numerical integration

of Equation 2.8 using the above obtained MGF in it.
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Numerical and Simulation Results

The ABEP performance of the dual-EGC receiver for correlated Hoyt fading channels is numeri-
cally evaluated and plotted in Figures 3.1-3.7, for BPSK modulation. The assumptions made in the
numerical evaluations are Gy, , = Oy, , = Oy and ¥, ; =7, (= ¥. Figure 3.1 represents the ABEP vs
Y, forg=1,m; =0.5,%; =1, p =0, for varying N. It can be observed that as N increases the ABEP
decreases correspondingly, as expected, due to the increase in CCI signal. Table 3.1 tabulates the
ABEP values for Y= 5 dB as a function of N and 6\,. Figure 3.2 shows the ABEP vs v, for p = 1,
m; =0.5,%;, = 1dB, N = 6, 6y = 2°, 8” and for different values of g. As g decreases from 1 to 0.1
the ABEP decreases as smaller values of g indicate severe fading. For each value of g the ABEP is
plotted for 6y = 2° and 8°. Figure 3.3 shows the ABEP vs ¥, for p =0, N =6,¢=1,7, =1 dB,
Oy = 2° and 8°, and for different values of m;. For m; = 0.5 the ABEP is plotted for 6y, = 8°. As the
value of oy is decreased from 8° to 2° the performance relatively improves. As m; increases from
0.5 to 1, the performance improves gradually. For each value of m;, the ABEP is plotted for Gy, = 2°
and 8°. Figure 3.4 shows the ABEP vs 7, for p =0, m; = 0.5, N =6, g = 1, 6y, = 2° and 8° and for
different values of ¥;. For ¥;=1 dB, the ABEP is plotted for 6y = 2° and 8°. It can be observed that
as the value of ¥; is varied from 1 dB to 15 dB, the performance decreases gradually, as expected.
Comparisons:

Figure 3.5 shows the comparison of ABEP results with CCI and without CCI. The ABEP results
with CCI represents the ABEP vs ¥, forg =1, m; = 0.5, %, =1dB, p =0, N = 1, and for 6y, = 2°
and 8°. The ABEP results without CCI is plotted by the numerical evaluation of [19, (9),(12)] for
Y,» with m=1, p = 0 and Gy = 2° and 8°. On comparison it can be observed that, in the absence of
CCI, an ABEP value of 10~ is reached at an SNR of 5dB whereas in the presence of CCI it requires
an SNR penalty of approximately 2.5 dB to reach the same value of ABEP. Figure 3.6 shows the
ABEP for a range of 6y from 2° to 8°. The SNR penalty for reaching an ABEP value of 1072,
is approximately 0.6 dB for small values of p and is approximately 0.3 dB for higher values of p.

In all figures computer simulation results are also plotted to verify the correctness of the numerical
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results. The simulation results being exact becomes at different points from the numerical results

with it on an average. Figure 3.7 shows the ABEP vs ¥, forp =0,m; =05, N =6,9=1,7;,=1dB

and 6y = 0.5°,2° and 8°. The ABEP for 6y, = 0.5° is plotted as a reference.

-1
10 |
o i
|£ i
< -2
10
- V=108
_3' 0L|J‘ — 2degrees N=6
10 [ - — - 8degrees p=0
[ K simulation
| | |
0 5 10 15 20 2

Average SNRY , in dB

Figure 3.1: ABEP in correlated Hoyt fading channels with varying N and p.

Table 3.1: ABEP in correlated Hoyt fading channels with varying N, 6y at Y= 5 dB.

ABEP

N G\V=20

_ QO
Oy =38

(@)

0.0837172 | 0.0949952

8 | 0.184664 | 0.207626
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Figure 3.2: Effect of ¢ on ABEP in correlated Hoyt fading channels.
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Figure 3.3: Effect of m; on ABEP in correlated Hoyt fading channels.
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Figure 3.4: ABEP in correlated Hoyt fading channels with varying ¥;.
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Figure 3.5: Comparison of ABEP of in correlated Hoyt fading channels with and without CCI.

TH-1272_06610211 43



ABEP of Dual EGC: Correlated Hoyt Fading
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Figure 3.6: ABEP in correlated Hoyt fading channels with varying p .
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Figure 3.7: ABEP in correlated Hoyt fading channels with N =6 and N = 7.
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Table 3.2: ABEP in correlated Hoyt fading channels with varying N, p, Gy .

N=6
SNR@B) | p oo TG
5 0 | 0.0837172 | 0.0949952
0.5 | 0.106586 | 0.117194
0 0 | 0.023597 | 0.0291533
0.5 | 0.0367018 | 0.0434257
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3.1.3 Composite and Non-homogeneous Fading Channels
Channel and Receiver Model

According to the system model described by Equation 2.2, in this case the desired user signal is

assumed to be transmitted through a slowly varying fading channel which may be either correlated

GG distributed, or correlated K distributed or 1.i.d K — u or 1.1.d | — u distributed fading channels.

The marginal PDF for these distributions are presented in Equations 1.6, 1.7, 1.8 and 1.9, respec-

tively. The interfering signal is assumed to be Nakagami-m distributed and to simplify the analysis

7; is assumed to be zero. Accordingly, for the n* moment of EGC in Equation 3.5 we need to obtain
ki Kk

the expression for E {yfsyzzs} to obtain the ABEP. Expressions for this expectation depends on the

fading distributions. These are obtained below for each type of fading channel mentioned above.

koK
1. For GG distribution the marginal PDF is given in Equation 1.6. An expression for E [yﬁ Y S}
is derived in Appendix A.4 (Equation A.18) as [8,50]

4% Tis P, FA™T hk
E Vi ¥ = = r r R ks 2
] For T (et )T (et )21 (i o).
(3.10)
where I'(-) is the Gamma function, >Fi(-,-,-,-) is the Gauss hypergeometric function, m, =
yperg g

_D(mg) _

mp = nmnmy, A=
F(metgd)

) Be = B1 = B2 > 0 is the shaping parameter and p is the correlation

coefficient [50].

ki ky
2. For K¢ distribution, the marginal PDF is given in Equation 1.7. An expression for E [yf Yo S}

is derived in Appendix A.5 (Equation A.21) as [5,51]

koK _ kK
E {YI%SYZ%S} = M5 Moy H ko ke
= T(m)T(Be)my B

k k k
x2Fy (——1 _2 mk,p)zﬂ( all Bk, ) (3.11)

where p is the correlation coefficient, m; and By, are the Generalized-K(K¢) fading parameters
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[5].

K
3. For n — u distribution the marginal PDF is given in Equation 1.9. An expression for E {yﬁs}

presented in [12, 13] can be given as

)
i Dk
Ls _ ik /2 ki /2
(2+111_]+Tll> T2 (2 )52 (2u)
ko1 k1 (1-m)\?
F — 4+ — — — . 12
X2 1(:ul+4+2nul+4uul+2a<l+nl) (3 )

K
4. For x — u distribution the marginal PDF is given in Equation 1.8. An expression for £ {’yﬁs}

can be given as [11,12]

kz/z] F(;Ul+k1/2)exp(—KlH1)'_Y;(fs/2 F (
111

ki
E Y ﬂl+_>lll7Klﬂl>- (3.13)
[ [(1+ %) )T ()

L,s 2
where 1 Fi(-,-,-) is the confluent hypergeometric function [10, (9.210.1)].

Moments of Output SINR

1. Substituting Equations 3.6, 3.7, and 3.10 in Equation 3.5 and simplifying the resulting ex-

pression, we obtain E[Yg,.| for GG distribution which is given by

SN N R
Bp = 200§ L (h) () A7
ege & k! [T (my)]2
ko=2n—k,
k1> ( kz) ( ki ko ) 2 & <k,)1|2q_k,|(gz,s)
xI'\me+— | meg+5= | 2F1 | —5—, —5—, Mg, P —_—
<g Be ¢ By B Be ¢ zl;llqg) a) Io(Gs)

2 .
P (2m,-N,2m,-N+1—n, i"’). (3.14)

i

2. Substituting Equations 3.6, 3.7, and 3.11 in Equation 3.5 and simplifying the resulting ex-
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pression, we obtain E[Y,,,] for K¢ distribution and it is given by

k k
et 2 @) () [T §)r(Br)
Elle = S5 L ki k! [] gy

kymImeks =L T )T(Br)my B
ki Kk ki ko 2080 Tng—i| (GLs)
F—= -= F |~ — == e /A N P
X2 1( 27 27mk7p>2 1( 27 27[3k7p> {Eq;)(q 10(9173)
2
P <2mN 2mN+1—n, ;"’) (3.15)
)

3. Substituting Equations 3.6, 3.7 and 3.12, in Equation 3.5 and simplifying the resulting ex-

pression, we obtain E [y‘;gc] for n — u distribution and it is given by

/2
Qu) 2 2 220tk 2 (2 + ki /2) 7))
E [’Yggc} - |1 Z H ),UH- ki /2

ko anO ky lr(z'ul)kl! (2+nl_1 T

ko1 k1 (1-m)) & kl Tog—t| (1)
F Z = — — ATHIAT
X2 l<H1+4+2,Hl+4aﬂl+2:<1+m) Z Io(Gz,s)

g=0

(zﬂl)kz/Z

2
x‘P(ZmN 2miN+1—n, m’), (3.16)

Yi

where N1 =M2 =N, 0 <N < 1 and y; = wp =p, u > 0 are the N — u fading parameters [13].

4. Substituting Equations 3.6, 3.7 and 3.13 in Equation 3.5 and simplifying the resulting ex-

pression, we obtain E[Yg,.| for kK — u distribution and it is given by

I (u+k/2)exp(— Kl“l)ylls/

2
E|Y, =
e 8 Do II;II T () k! [(1+ 1)) ]2
ko=2n—kj
k; & (K Ik (Gus)
X1 (H1+—,#1,K1H1) ( )—
2 qZ’o q IO(gl,s)
2
><‘P<2mN 2N+ 1—n, ;"’) (3.17)
1

where K] = K> =K, 0 < K < 1 and yy = up =u, u > 0 are the K — u fading parameters [11].
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2 degrees
10 - — — - 8degrees
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| | | |
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Figure 3.8: ABEP in GG fading channels with 6y = 2°,8°, me=1, B, = 2, varying N and p.

Numerical and Simulation Results

The ABEP performance of the EGC receiver for GG fading channels is numerically evaluated using
the method in Section 3.1.1 and are plotted in Figures 3.8 - 3.11 for BPSK modulation. The values
for different parameters in the figures are chosen arbitrarily for the purpose of demonstration and
covers the entire range off parameters in suitable subdivisions. In the numerical evaluation it is
assumed that Gy, s = Oy, s = Oy and ¥} ; =7, ; =Y. In all the graphs when Gy, is varied from 2° to 8°,
the ABEP degrades gradually. Figure 3.8 shows the ABEP vs. average SNR (in dB) for mg = 1, f3,
=2, m; = 0.5, and different values of N, p and Gy. With the increase in N, p the ABEP is observed
to be degrading. Table 3.3 shows different values of N, p and Gy for GG. The values of mg = 1,
Be = 2 is the condition for Rayleigh in GG fading. The results closely approximates the results for
Rayleigh in the previous section of correlated Hoyt fading channels. Figure 3.9 shows the ABEP
for varying m,. When my is increased from 0.5 to 1 and 2 the ABEP values improves. Figure 3.10

shows the ABEP results for different values of m;. Figure 3.11 shows the ABEP results for different
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Figure 3.9: ABEP in GG fading channels with 6\, = 2°,8°, , = 2 and varying m,.

values of ;.

For K¢ fading channel, Figure 3.12 shows the ABEP vs average SNR in (dB) for different values

of N, p, oy. Table 3.4 shows different values of N, p and oy for Kg. Figure 3.13 shows ABEP

results for different values of my. Figure 3.14 shows the ABEP of | — u fading. Figure 3.15 shows

the ABEP of k — u fading. Simulation results for ABEP are also plotted in the figures. A close match

between both numerical and simulation results can be observed. In all figures computer simulation

results are also plotted to verify the correctness of the numerical results. The simulation results on

an average match with the numerical results.
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Figure 3.10: ABEP in GG fading channels with 6y, = 2°,8°, mg = 1, B, = 2 and varying m;.

Table 3.3: ABEP in GG fading channels with varying N, p and Gy,.

Table 3.4: ABEP in K fading channels with varying N, p and Gy, .

N=6
SNR@B) | P | oo
5 0 | 0.0815126 | 0.0837172
0.5 | 0.112373 | 0.119031
0 0 | 0.0207825 | 0.0233184
0.5 | 0.0397035 | 0.0445481

N=6
SNR@B) | P 5o T G
5 0 | 0.0456125 | 0.0508464
0.5 | 0.0607775 | 0.0740016
0 0 | 0.0117354 | 0.0133339
0.5 | 0.0213264 | 0.0266639
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Figure 3.11: ABEP in GG fading channels with 6y, = 2°,8°, mg = 1,8, = 2 and varying ¥;.
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Figure 3.12: ABEP in K fading channels with 6y, = 2°,8° and varying p, N.
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Figure 3.13: ABEP in K fading channels with 6y = 2°,8° and varying n.
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Figure 3.14: ABEP in 1 — u fading channels with 6y, = 2°,8° and varying N and p.
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Figure 3.15: ABEP in x — u fading channel with 6y, = 2°,8° , k = 0 and varying .
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3.1.4 Independent Nakagami-m Fading Channels

In this case ABEP performance of a dual branch EGC receiver is analyzed assuming the desired
user’s channel is Nakagami-m distributed. The CCI signals are assumed to be asynchronous i.e.,
T; # 0. The interfering signals are also assumed to be Nakagami-m distributed. Closed form expres-
sion for moments of the combiner output SINR is derived. Using the obtained expression, ABEP
for BPSK modulation is obtained applying moment generating function and Padé approximation

approach.

Channel and Receiver Model

The desired signal is transmitted through a slowly varying Nakagami-m fading channel. We as-
sume N CCI users in the system and the channel between a CCI user and the desired user’s receiver
is a Nakagami-m distributed. Assuming the desired user and N CCI users are transmitting asyn-

chronously, the transmitted signals can be given as

ss(t) = PT Z as\m)hy (t —mT),

m=—oo

si(t) = PT Z ailmlhr(t —mT —1;),i=1,2,...,N, (3.18)

m=—oo
where a; and a; are information bits of the desired and i CCI user, respectively, P and P; are trans-
mitted powers of the desired user and the i CCI user, respectively, oy s 18 Nakagami-m distributed
with fading parameter m;, 0 ; is i.i.d Nakagami-m RV with fading parameter m;. The function A7 (t)
is the transmitter impulse response, with a square root raised cosine pulse with a roll-off factor f3.

Substituting Equation 3.18 in Equation 2.2 the complex baseband received signal can be obtained

o N =)

ri(t) = VPToy ze/%s Z aslmlhr (t —mT)+ Z VPToy e/ Z aimlhy (t —mT — ;) +ny ().
m=—oo i=1 m=—oo
(3.19)
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The demodulated signal at the combiner output at the sampling instant n7" can be derived as [22,29]

y[n] = Z\/_oclse”’“as +ZZ\/_OLle’¢” )z +Zv Je=i0s, (3.20)

= li=1 =1

where the interference source is represented by a random time series z;[n] as

o)

zln) =Y. ailmh(nT —mT —,) (3.21)

m—=—oo
where h(t) is the Nyquist pulse. Each of the interference source is represented by a random time
series z;[n], with following properties (1). E{z[n]}=0, 2). E{|z[n]|*} = 1— (B/4) [33], (3).
E{zin]z}[n]} =0, for i # j [22,24,28] and * denotes the complex conjugate operation and the

square root raised cosine pulse can be given by [15]

sin [n%s(l — [3)} +4B% cos [TE%S(I + B)]

Ao

where Ty is the symbol duration and [ is the roll of factor.

h(t) =

(3.22)

Moments of Output SINR

The n'" moment of the output SINR for asynchronous case, derived in Appendix A.6, can be given

as
k1 /2, k)2 L
2n)! & [Yl s Yos } N2
eft) - G5 L i TIE e ] |( (140X X
2 prear kilkp! =i
ky=2n—ki
(3.23)
n
B
where r = = —+. For Nakagami- m distributed RVs o ;, an expression for £ . .
(H—r '§1 l;] "{]’,')
can be given as (Appendix A.6)
n
1 mi
E N 2 =¥ 2mN,2mN+1—n,— |. (3.24)
1

(1 +rYy ¥ Yz,i)

i=11l=1
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Substituting Equations 3.6, 3.7 and 3.24 in Equation 3.23 and on simplifying the resulting expres-

sion, we obtain

fil2

_ 1
I {my + %) i Z <k1) for—l <G‘W,s2>

ky

xZ r

k=0 1=1 F ml ml 2 kl! r=0 1
ky=2n—Fk, () lo 2

G‘Vl K

P <2m,~N, 2N +1—n, %) (3.25)

i

EgE[(le,s]
No

where ¥ ; = [

, 1s the average SNR of the desired user’s signal at the /' input branch.

The evaluation of the ABEP is based on the Gaussian assumption for the interference. Partic-
ularly, the interference term i .)]%1 /P.T ocl,iej(q’lvi’%)zi[n] in Equation 3.20 is assumed to have a
Gaussian distribution as discflzs;gi in Section 2.2. ABEP results have been analyzed in based on

Gaussian assumption in [28], [25], [44]- [45].

Numerical and Simulation Results

ABEP performance for Nakagami-m fading channels is numerically evaluated, following the numer-
ical evaluation method discussed in Section 3.1.1, and the plots are shown in Figures 3.16-3.19 for
BPSK modulation. The assumptions taken are: Gy, , = Oy,, = Oy, ¥j s =Yoo = Y, M1 = my = m,
B = 1. Figure 3.16 shows ABEP vs. ¥ (in dB) form =1, m; =0.5, %, =1 dB, N =06, 7 and 8§,
and oy = 2° and 8°. ABEP degrades with increase in N and oy,. For example, for 6y = 2° when
N increases from 6 to 7 and 8 ABEP at Y= 10 dB degrades from 0.0166352, to 0.0304774 and
0.0991738, respectively. Similar observations can be seen for 6y, = 8° with varying N. Table 3.5
tabulates ABEP values for Y =5 dB as a function of N and 6y,. Figure 3.17 shows ABEP vs. ¥ for
Y;=1dB, N =6, 6y, = 2° and 8° and varying m and m;. As m decreases ABEP degrades as smaller
values of m indicate increase in fading. ABEP degrades with decrease in m and with increase in Gy,.
For example, for 6y = 2°, when m decreases from 1 to 0.5 the ABEP at ¥y = 10 dB degrades from
0.0166352 to 0.0281243 respectively. Similar observations can be seen for o, = 8° with varying m.

Figure 3.17 also shows ABEP vs. yfor N =6, ¥; = 1 dB, 6y = 2° and 8°, and varying m;. ABEP
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degrades with decrease in m; and with increase in Gy. For 6y = 2°, when m; decreases from 2 to
1, ABEP at y =10 dB degrades from 0.00549599 to 0.0166352. Figure 3.18 shows ABEP vs. ¥ for
m=1, N =6, m; = 0.5, 6y = 2° and 8° and for different values of ;. ABEP degrades with increase in
¥; and with increase in 6y. For oy = 2°, when 7¥; increases from 1 to 8, 12 dB the ABEP at Y= 10
dB degrades from 0.0166352 to 0.0566119 and 0.0991037, respectively.

Figure 3.19 illustrates comparison between the synchronous and asynchronous cases, of CCIL. It
can be observed that the asynchronous case gives a better performance than the synchronous case. It
is because of the fact that synchronous case gives an over-estimation of the CCI power compared to
asynchronous case as discussed in Section 2.1. Similar results are also reported in [29,33,41,52,53].
In all figures computer simulation results are also plotted to verify the correctness of the numerical

results. The simulation results closely matches with the numerical results.

Table 3.5: ABEP in Nakagami-m fading channels varying N, 6y, for Y= 10 dB.
ABEP

N Oy =2° Oy = 8°
6 | 0.0166352 | 0.0199104
7 | 0.0304774 | 0.0326223
8 1 0.0991738 | 0.111275
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Figure 3.16: ABEP in independent Nakagami-m fading channels with 6y, = 2°, 8°, m = 1, m;=1 and
Y; = 1 dB with varying N.
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Figure 3.17: ABEP in independent Nakagami-m fading channels with 6y = 2°,8°, N = 6 and ¥; =1

dB with varying m and m;.
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Figure 3.18: ABEP in independent Nakagami-m fading channels with varying ;.
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Figure 3.19: Comparison dual-EGC in Nakagami-m fading channels for synchronous and asyn-
chronous cases.
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3.2 Performance of Dual-EGC in Nakagami-m Fading - PDF

Based Approach

In this section performance of dual-EGC is analyzed in independent Nakagami-m fading channels
using the PDF based approach discussed in Section 2.3. A closed-form expressions for the PDF of
the EGC output SNR and outage probability are derived. Further, ABEP for BPSK modulation can
be obtained using the derived PDF.

Consider the received signal with CCI interfering signals as given in Equation 2.2. The matched
filter output of the EGC receiver sampled at symbol instant is derived in Appendix A.1 (Equa-

tion A.3) as

L L R N L Lo
y = E,a; Z 061756]%73 4 Z nOJe*J‘PI,s +E, Z Z aial,iej (¢I,i_¢1,s), (3.26)
=1 =1 i=11=1

where RVs o  and o ; are independent and identically distributed with Nakagami-m distribution.

The SINR at the dual-EGC combiner output can be given as

5 2
|:IZI \/,_Yl,s cos Wl,s:| x
T —— —_- (3.27)
1+ .;1 [1; VY ;cos v,
2 % N T2 2
where x = {Z ﬂlsCOS\VLs] andz= ) [ \/71,'005“11,1'] .
=1 " i=1 =1
3.2.1 Probability Density Function of Output SINR
The PDF of Y = ILH can be derived using the following formula [25, (8)]
Fuse Oese) = [ (144 exe o)z (3.28)

L 2
where fy(x) and f;(z) are the PDFs of x and z, respectively. The PDF of x = [ Y VY, cosy, S] is
=1 "

2
2
derived in Equation A.44. Substituting L = 2 in it, an expression for the PDF of x = [ Y /Y, cos \|Il,5:|
=1 ’
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can be given as

fe(x) =

1 1 2
m—=z m+3 T 1 1v_1 . /2mEx
(@) Cl [ (Z’l 2>} (\/})2(’” 1) le T . (3.29)
Y 272 [C(m)] T (2m—1)

where C is the loop SNR due to desired signal, m and 7 are the desired user Nakagami-m fading
parameter and average SNR, respectively.

Similarly, the PDF of z is can be derived as

i mi+1 2
_(mi\" G [ (mi— )] 2m—1) -1~ W
fZ (Z) (N'_Yl> 2mi—% [F (ml)]ZF (zml B 1) ( Z) (4 .

where (; is the loop SNR due to interfering signals, m; and ; are the interfering user signal Nakagami-

(3.30)

m parameter and average SNR respectively.
After a series of mathematical steps as shown in Appendix (A.9.1), the PDF of Y, can be

derived as

Pege (Yege)

( i ) ¢ 2L (mi— 1))
2’”@[( )T (2m; 1)
[

m—1 o 2
g (%) om=3 [l (m)(]zl"(Zn)z]— 1)

2m—1 /n 1 mly ot —(2(mj+k)—1)
m— MGYegc m;G;
X Z < > [2(m;+ k) — 1] <\/ R N, ) (3.31)

3.2.2 OQOutage Probability

The outage probability of Y. can be derived as [25, (3)]

Yih oo

Pous Yth // 1+Z fx 1+Z)Yegc] fz( )dZ dYegc (3.32)

After a series of mathematical steps shown in Appendix A.9.2, an expression for P,,; can be given

as

k
ey i) : 2 )
po 1_<m,~> TG (i) 2"1212()( )

NY; 2mi=3 [ (m;)°T (2m;i — 1) =5 1<%
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5 5 —2(mi+1)—1)
xT[2(mi+1)—1] ( ]’z;iycl +\/ ’;C%h) (3.33)

3.2.3 Average Bit Error Probability

The average bit error probability of Yee., for BPSK modulation can be numerically evaluated as

P, =

S —3

Pe (Yege) Fege (Yege)@Yege = / O(v/2Yege) froge (Yege) dVege- (3.34)
0

The above Equation 3.34 can be evaluated by putting Equation 3.31 in it. In this work, the integral

is numerically evaluated to obtain the probability of error.

3.2.4 Numerical and Simulation Results

Outage and ABEP performance of dual-EGC receiver numerically evaluated and shown in Fig-
ures 3.20-3.26, for BPSK modulation assuming {; = C and oy ~ 1/ \/C. Figure 3.20 represents the
outage probability vs. ¥y, (in dB), form = 1, m; = 1, y; = 1 and varying N. For increasing values of
N the outage probability is plotted. As the values of N increases, the outage performance decreases
correspondingly. Figure 3.21 represents the outage probability vs. ¥y, (in dB), ¥; = 1 dB, oy = 2°,
12°, N = 1 and for different values of m, m;. The performance improves with increase in the values
of m and m;. Figure 3.22 represents the outage probability vs. ¥ for ¥; = 1 dB, 6y = 2°, 12°, and
for different values of N. When N is increased from 1 to 2 the performance degrades. Figure 3.23
represents the outage probability vs y,, (in dB) for N =1, 6y =2°,6°, m=1,m; = 1,%;=1dB, 5 dB,
10 dB. For higher values interfering SNR the performance degrades.

ABEDP has been evaluated by numerical integration of Equation 3.34. Figure 3.24 illustrates the
ABEP vs. average SNR form =1, m; = 1, ¥; = 1 dB, oy = 2°, 8° and for different values N > 6.
Figure 3.25 represents the ABEP vs average SNR for m; = 1, ¥, =1 dB, N = 6, oy = 2°, 8° and
for different values m. Figure 3.26 represents the ABEP vs average SNR form =1, m; =1, N =6,

oy = 2°, 8° and for different values of ¥;. For increasing values of SNR the performance degrades
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Figure 3.20: Outage probability in Nakagami-m fading channels with 6y, = 2°,12° and varying N.

comparatively. In all figures computer simulation results are also plotted to verify the correctness of

the numerical results. The simulation results on an average match with the numerical results. The

ABEDP results

N=2 E
m=1M,=1 ]
B Y,=1dB,Y=1dB |
— 2 degreeg
O™ - - -12 degrees
¥ simulation
| |
-15 -10 -5 0 [

Threshold SNR'th s in dB

when compared with the ABEP results obtained in the MGF and Padé approximation

method closely matches with the ABEP results obtained in the PDF method.
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Figure 3.21: Outage probability in Nakagami-m fading channels with 6y = 2°,12° varying m, m;.
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Figure 3.22: Outage probability in Nakagami-m fading channels with 6y = 2°,12° v, = 1 dB and
varying N.
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7 ./,/’ N:l’vzl dB |

_4_./ . . J|
10 | . | ~ wsimulation -
-15 -10 -5 0 5 10 1

Threshold SNR%h ,in dB

Figure 3.23: Outage probability in Nakagami-m fading channels with 6y, = 2°,12° and varying ;.
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Figure 3.24: ABEP in Nakagami-m fading channels with 6y, = 2°,12° and varying N.
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Figure 3.25: ABEP in Nakagami-m fading channels with 6y = 2°,12° and varying m.
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Figure 3.26: ABEP in Nakagami-m fading channels with 6y, = 2°,12° and varying ;.
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3.3 Outage of L-EGC over Composite Fading Channels

In this section outage performance of L-EGC receiver is presented for composite fading channels
i.e., GG and K fading channels, without AWGN. The marginal PDF of GG and K distributions are
given in Equation 1.6 and Equation 1.7, respectively. Using a combination of PDF based approach
and characteristic function outage performance has been evaluated. The final expression requires a
numerical integration for evaluation.

Consider a desired user whose signal is transmitted through a slowly varying i.i.d composite GG
or K fading channels. Assuming that there are N CCI users in the system and the fading channel
between a CCI user and the desired user’s receiver is Nakagami-m faded. For simplicity the thermal
noise is omitted and only CCI is considered. Assuming a desired user and all N CCI users are
transmitting simultaneously, in an interference limited environment, the baseband received signal at

the I'" element of an L element receiving antenna array can be written as [24,29]

N
ri(r) = o e () + Y o e s 1), (3.35)
i=1
where oy ; is either GG or K¢ distributed random variable and o ; is Nakagami-m distributed RV
with PDFs given as in Equations 1.6, 1.7 and 1.2, respectively.
The demodulated signal at the combiner output at the sampling instant = T can be derived from
Equation 3.35 as shown in Appendix A.1 can be given as

L . N L \
y = ag Z (xhseﬁl’l,s + Z Z aialjie‘]<¢lﬁi_¢l.s>, (3.36)
=1 i=1[=1

3.3.1 Output Signal-to-Interference Ratio

For an arbitrary number of branch EGC receiver, the output Signal-to-Interference Ratio (SIR) at the

combiner output with phase error and CCI for BPSK can be written from Equation 3.36 as [19, 23]

L

2
lgfl Ocl,s COS (Wl,s)}

N L )
21 o

SIR = [ (3.37)

i=11

TH-1272_06610211 69



Chapter 3 Outage Probability of L-EGC: Composite Fading

Since, N cochannel interferes are i.i.d with the identical fading parameter, m and average power, the

instantaneous interfering signal voltage phasors are added together to produce the resultant instan-

N L
taneous interfering signal with resultant interference power ), ) [Ocl2 1 [23, (8b)].
i=li=1 "

L N L
Substituting, X = Y. o scos(y;s)andU =Y, Y} Ocl2 ; in Equation 3.37, the combiner output SIR
=1 i=1 =Ty

can be expressed as

X
SIR="— 3.38
U (3.38)

3.3.2 Outage Probability of Output SIR
Thus, the outage probability at the combiner output can be given as [24]

Poa (W) = PH(SIR <Y) = Eu P (X < /U |U ) |

B 1 T LX) 339)

2 e nm
n=odd

where 7, is the threshold SIR, @y = 2n/T, T is the parameter which controls the accuracy [24],
®x (nwy) is the characteristic function of X and 3{z} denotes the imaginary part of z, Ey{-} is the
expectation of the argument over the PDF of the RV U.

An expression for the PDF of U for Nakagami-m fading distribution can be given as [23].

A\MN,n-1 .
fuu) = (%) %exp (—gu) (3.40)

where m; is the Nakagami-m fading parameter and 1 = m;LN. Hence, Ey{-} can be derived as

(o]

EU{e—jnfDo\/thU} — /e_j”wO\/Y’thU(u)du.
0

AN 1 " ) .
— (%) W(}/e-’"‘”‘”ml}unlexp (—%u) du. (3.41)

Integrating Equation 3.41 as shown in Appendix A.7 (Equation A.30) we get
1 n2@oynQ rm+s) /&

Eufe ) = Ay (ng = ) o [
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2 20 A
3 nfmy Ythﬁz) (3.42)

1
Fol= b
X1 1<2+“’2’ Am;

The characteristic function ®x (nwp) in Equation 3.39 can be obtained as below. Since, 0y s and y;

are independent RVs, @q, cosy; (nmp) can be given as

oo 2T
Doy, cosyy, (n00) = E [e/100%c0sVis] :/ / eI OV b (g ) pay  (Ous) A sd oy,
0 0

o 27

= / Bt ) oV p o (o ) dyy sdo . (3.43)
27";IO E.7ls O 0

Using the definition of Bessel function [39, (3.3)] in Equation 3.43, ®x (n®y) can be expressed as

| [ 1o(Gr s+ jno0y ) :
CIDX(nOJO)—( /0 e pa,J(a,?S)da,,s) . (3.44)

Thus, evaluation of the outage probability for GG and K¢ fading using Equation 3.39 requires the

evaluation of Equation 3.42 and Equation 3.44. Evaluation of Equation 3.44 is to be done by numer-
ical integration technique. The range of integration for oy s can be taken safely over (0,109, ;) [21].
It can be mentioned here that for Nakagami-m fading channels a closed-form expression for the CHF

in (3.44) is available for uniform phase error in [33].

3.3.3 Numerical and Simulation Results

The outage probability expression given by Equation 3.39 is numerically evaluated for GG and K¢
fading distributions and plotted in Figures 3.27-3.35, for BPSK modulation. The Padé approxima-
tion coefficients used in the numerical evaluation of MGF for these fading distributions are given
in AppendixA.12. The values for different parameters in the figures are chosen arbitrarily for the
purpose of demonstration and covers the entire range off parameters in suitable subdivisions. In the
numerical evaluation it is assumed that Gy, s = Oy, s = ... = Oy, s = Oy.

Figure 3.27 shows the P,,; vs. Yy, for GG fading channels for N =1, mg = 1 and B, = 2 and

different values of 6y and L. P,,; improves with increase in L and degrades with increase in 6y,. For
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example, for 6y =2°, when L increases from 1 to 3, Py, at ¥y, = —5 dB improves from 0.0756576 to
0.0180152. Improvements for other values of Gy can also be observed from the figure. Figure 3.28
shows the Py, vs. Yy, for L=1, oy =2°, 8°, mg = 1, Bg = 2 and for different values of N. It can
be observed that P,,; degrades with increase in N and 6y,.. For 6 = 2°, when N increases from 1 to
3, Py at vy, = —5 dB degrades from 0.0756576 to 0.271901. Similar performance is observed for
other values of 6y. Figure 3.29 demonstrates Py, vs. ¥, for N =1, L = 2, 6y = 2° and 8° and for
different values of m, and B,. P, improves with increase in m, and B, and degrades with increase
in Gy. Figure 3.30 shows the P, vs. ¥y, for N =1, Bg =2, 0y =2° 6°. P,, improves for increase
in mg and L but degrades with increase in 6y = 2° and 8°. When m, increases from 1 to 2 P, at
Y:n = —5 dB improves from 0.00673661 to 0.0026261. Similar performance is observed for other
values of L. Figure 3.31 shows the Py;; v8 ¥y indB for N =1, mg =1, Bg =1.5,L=2, 6y =2° 8" and
for different values of m;. As the value of m; increases from 0.5, 1 and 2 the performance improves.

Figure 3.32 shows the P, vs Yy, for Kg fading channels for N = 1, my = 1, B; = 1 and different
values of 6y and L. For increase in L from 1 to 3, Py, at ¥, = —5 dB improves from 0.027582 to
0.00877773. Similar performance can be observed for other values of 6\,. Figure 3.33 shows the Py,
vs Vi, in dB for L = 2, 6y = 2°,8°, my = 1, Bx = 1 and for different values of N. Figure 3.34 shows
the P,y vs Yip for N =1, L =2, 6y = 2° and 6° and for different values of my and . For (my =1,
Bx = 1) and oy = 2°, 8°, Py, is plotted. When Gy, decreases from Gy = 8° to 2° P, decreases.
For example, when (m; = 1, By = 1) is increased from (0.5, 0.5) to (1, 1), the outage performance
improves gradually. Figure 3.35 shows the outage probability for N =1, L =2, 6y, = 2° and 8°, my
and B = 1 and for different values of m;. When m; increases from 0.5 to 0.8, P,,, improves. In all
figures computer simulation results are also plotted to verify the correctness of the numerical results.

The simulation results on an average match with the numerical results.
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Figure 3.27: Outage probability in GG fading with 6, = 2°,8°, N =1, mg = 1 and B, = 2.
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Figure 3.28: Outage probability in GG fading with 6y, =2°,8°, L =1, mg = 1 and B, = 2.
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Figure 3.29: Outage probability in GG fading with 6y = 2°,8°, L=2and N = 1.
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Figure 3.30: Outage probability in GG fading with 6y, =2°,8°, L=2,4and N = 1.
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Figure 3.31: Outage probability in GG fading channels with 6y, =2°,8°, L =2, N =1, my = 1 and
Be =2.
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Figure 3.32: Outage probability in K¢ fading channels with 6y = 2°,8°, N=1, my= 1 and B =1.
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Figure 3.33: Outage probability in K fading channels with 6y = 2°,8°, L=2, n;= 1 and 3; =1.
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Figure 3.34: Outage probability in K¢ fading channels with 6y =2°,8°, L=2and N = 1.
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Figure 3.35: Outage probability in K¢ fading channels with 6y =2°,8°, L=1and N = 1.
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3.4 Performance of L—-EGC in Nakagami-m Fading with Phase

Error and AWGN Only - PDF Based Approach

In this section we analyze the performance of L-EGC receiver in Nakagami-m fading channels as-
suming the presence of phase error and AWGN i.e., without CCI. The PDF based approach is used
to obtain an expression for the PDF of EGC output SNR. Using the derived PDF, expressions for
receiver ‘outage probability’ and ‘ABEP for BPSK modulation’ are presented.

The complex baseband received signal at the /' element of an L element receiving antenna array

over a symbol duration 7" can be given as [19, (1)]

ri(t) = ogel®sg(r) +my(1),1 =0,1,2,...,L, (3.45)

where o is Nakagami-m RV with fading parameter m, n; is the AWGN sample with zero mean and

power spectral density Ny/2. The RV ¢; is the carrier phase.

3.4.1 Output SNR

In an ideal EGC combiner, received L faded copies of the transmitted signal are equiphased and each
is weighted with unity gain [3]. Assuming the estimated phase of the input signal of the /' branch
of the combiner is ﬂ;l, the demodulated signal at the combiner output at the sampling instant 7' can

be written as Appendix A.1

L L
y = Eg Z oye/ V! + Z no,1 (3.46)
=1 =1

- T
where E; = [ g7.(t)dt, no; = [ n(t)ss(t)dt which can be shown to be Gaussian with zero mean and
0 0

power spectral density NoE, /2. For an L branch EGC receiver, the instantaneous output SNR with

only phase error can be derived from Equation 3.46 as

L 2
Yege = (Z Vicos (Wz)) : (3.47)
=1
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3.4.2 Probability Density Function of Output SNR, v,

An expression for the PDF of Y., has been derived as shown in Appendix A.8 in Equation A.44.
Thus, the PDF fy,,. (Yege) can be given as

m\HED D (- ))"
) 2L(

s () = <§ FDHC (m)) T L (m - 3)]

2m

T (Vi) (3,48

3.4.3 Outage Probability of Output SNR
The outage probability of EGC receiver with phase estimation error can be derived as
Yen
Pour = [ Frag s (3.49)

Substituting the obtained PDF of Y, from Equation 3.48 in Equation 3.49, the outage probability

can be derived as shown in Appendix A.8.1 (Equation A.47) as

k
2
2m; mL—1 ( H;Clyth)
Poy=1—e VT Yy >~ 7 (3.50)

‘ )
k=0 k!

where ¥y, 1s the threshold SNR.

3.4.4 Average Bit Error Probability of Output SNR

The ABEP for BPSK can be derived using the formula [3],
Pe — /Q (\/ 2Yegc> f'yggc (Yegc)dYegc (351)
0

The ABEP expression can be derived as shown in Appendix A.8.2, as

—(2n+1)
I (—=1)" | 2mG;
Pe_5—7’§mr(L(m—1/z)+(2n+1))( T) :
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Chapter 3 L-EGC with Phase Error and AWGN only: Nakagami-m Fading - PDF Based Approach

3.4.5 Numerical and Simulation Results

The outage probability and ABEP performance of the EGC receiver numerically evaluated and
shown in Figures 3.36, 3.37, and 3.38 for BPSK modulation. Figures 3.36 represents the P,,; vs
Y:» (in dB) for Y = 1dB and for different values of L and m. For L = 2 the outage performance is
plotted for oy = 2° and 12°. When the value of Gy, is increased from 2° to 12° the performance
degrades. Similar results are obtained for m = 0.5. When L is increased from 2 to 4 the performance
improves. Figure 3.37 represents the P,,, vs average SNR for 6y = 2° and 12°, y,, = 1dB for L =2
and vy;, = 0.5dB for L = 4. and for varying values of L and m. For decrease in the value of m from 1
to 0.5 the performance degrades but for increase in L from 2 to 4 gives a better performance.

Figure 3.38 illustrates the ABEP for 6, = 2° and 12° and for different values of L and m. For
higher values of L and m the performance is better. But when the value of L are decreased from
4 to 2, m decreased from 1 to 0.5 the performance decreases. In all figures computer simulation
results are also plotted to verify the correctness of the numerical results. The simulation results on

an average match with the numerical results.
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Figure 3.36: Outage probability in Nakagami-m fading channels with 6y, = 2°,12°.
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Figure 3.38: ABEP in Nakagami-m fading channels with 6y = 2°,12°.
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Chapter 3 Summary

3.5 Summary

The summary of works presented in this chapter are enumerated below:

1. ABEP performance of dual-EGC receiver is obtained using "MGF based approach with Pade
approximation’ for the following fading channels:
(a) Correlated Hoyt fading channels.
(b) Correlated Composite and i.i.d Non-homogeneous fading channels.
(c) Nakagami-m fading channels.

2. Outage and ABEP performance of dual-EGC over Nakagami-m fading channels has been

presented using PDF based approach.
3. Following works are presented for L-EGC receiver.

(a) Outage probability over Composite fading i.e., GG fading channels is presented.

(b) Outage and ABEP performance with phase error and AWGN over Nakagami-m fading

channels are presented using the PDF method

4. Numerical and simulation results for all the above analytical works have been presented. Re-
sults have been verified against available results which are special cases for the work presented

here.
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Chapter 4

MRC Receiver in Nakagami-m Channels

Performance of MRC receiver is known to be optimum under ideal assumptions [2, 3]. In practical
situations such as in the presence of carrier phase estimation error and/or CCI, the performance is
likely to degrade. In this chapter, we derive expressions for the outage and ABEP of MRC receiver
in Nakagami-m fading channels and study the performance.

According to the system model discussed in Section 2.2 the desired user’s channel and the in-
terfering user’s channel are considered to be Nakagami-m fading. Thus, in Equation 2.2, oy, is
assumed to be Nakagami-m distributed RV with fading parameter m and o ; is assumed to be i.i.d
Nakagami-m RV with fading parameter m;. The marginal PDF of a Nakagami-m RV is given in

Equation 1.2.

Modeling Channel Estimation Error

The channel estimator estimates the coefficients of the channel which ideally should be 0617S€j¢]v‘.
Assuming the estimated coefficients as &[7sej¢lsS, the actual channel coefficients can be modeled

as [25]

ol ge/s = \/1— 20, e 1% +gv, (4.1)
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Chapter 4 PDF of MRC Output SINR

where v is the channels estimation error which is assumed to be a zero mean and unit variance
complex Gaussian distributed RV independent of ocLSejq”-f, € € [0, 1] is the measure of accuracy of

the channel estimation i.e., channel estimation is accurate for € = 0.

Output SINR of MRC

In a MRC combiner, received L faded copies of the transmitted signal are weighted with estimated
channel coefficients and then added together [3]. The output from the MRC combiner is fed to a
detector suitable for detecting the modulated signal. An expression for the demodulated signal at

the combiner output at the sampling instant 7" is derived in Appendix A.10. It can be given as
L . oft L £ N L E i
y=asE, Z al_‘semz?sdzse—mm + Z nonise—J%s +E, Z Z aialviemzﬂa};e—m 4.2)
= | =1 i=11=1
Substituting Equation 4.1 in Equation 4.2, the signal at the combiner output can be expressed as
L . " L N . ) L R
y= asEg Z <\/ 1— 82(3(17s€]¢l’5 +8V> d77se_]¢l’s aF Z Z a,'E,'OCl’ie]q)l”'dzse_ml’s + Z l’l(),[dise_]q)lﬁs.
I=1 I=1i=1 =1
(4.3)

For an L branch MRC receiver, the instantaneous output SINR with phase error and CCI can be

derived from Equation 4.3 as shown in Appendix A.10. It can be given as

L
11121 Yi.s 2
— =3 4.4

ot (44

Ymre =

N
1+B.§1%’

L N
1-¢2 1
wheren =g B =g ¥ =n E visandz=p L%
=1 =

4.1 PDF of MRC Output SINR

The PDF of 7, in Equation 4.4 can be derived using the following formula [25, (8)]

B Ctare) = [ (1 201+ 2t (21 4.5)
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Chapter 4 Outage Probability

L
where f;(x) and f;(z) are the PDFs of x and z, respectively. The PDF of x =m ¥ 7y, is derived in
=1

Appendix A.10.1. It can be given as

m mL 1 mLxmL_1 m
fx(x)z(?) (ﬁ) NCN 48

where m is the fading parameter and ¥ is the average SNR of desired user signal which is Nakagami-

Sl

m distributed. Similarly, the PDF of z can be given as

m; m;N 1 m;N Zm,-Nfl i
fz(z):<§> (B) e @7

where m; is the fading parameter and ¥; is the average SNR of interfering user signal. Using Equa-

tions 4.6 and 4.7, the PDF of e = —77 is derived in Appendix A.10.2 which can be given as

merc( ) =
p mL 1 m Z)¥Ymrc mj z
- (m_) ( ) / = +Z Ymrc (1+2)2"N~ ]e_<7(1+‘)‘Y >e_(7i3)dz.
ny Bv.) J iN)
_ <ﬂ_>mL (ﬂ_’)ml mLC—le m\%m mZL mlL (k—{—m,'N— 1) <m'Yn_1rc N ﬂ_’) *(k+miN)'
ny BYi =0 (mL—k)! m;N ny B

4.2 Outage Probability of MRC Output SINR

Outage probability (P, ) of a system is defined in Equation 2.4. For Yy, it can be given as [3, (1.4)]
Yh
P(H/ﬁ = /0 innrc (Ymrc)derm (49)

where fy, (Ymrc) is the PDF of the output SINR 7,,... The outage probability can be derived using
the formula [25, (8)]

Pout (Yth) =

o — =

/ (1+2)fx [(1 ‘I'Z)'Ymrc] f2(2)dzdYre- (4.10)
0
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Substituting Equation 4.6 and Equation 4.7 in Equation 4.10, the outage probability can be given as
Yih oo

miN _pm;N—1 B mL
m; i Mz 1
ou 1 - i B —_
¢ (Yen) // +z ( ) (Yi> F(m,-N)e (ﬂ)
m [(1 +Z>Ymrc]mL_l _ 042 vmrem
X ( 7) T (mL) e "M dzd¥mre-

(4.11)

The integration in Equation 4.11 can be evaluated as shown in Appendix A.10.2 and the final ex-

pression for outage probability can be given as
_myyMLT1 K A\ iV ko / N—1 -\ —(+miN)
Py = 1—e 7 Y Y (ﬂ) (”f%”) ( o ) (Y’hf” + f"-’) (4.12)
k=0 [=0 BYI m (k i l)! l ny YzB

4.3 Average Symbol Error Probability

An expression for ASEP of MRC receiver can be derived using the general formula [3]

Fe = /O Pe('Ymrc)mem (Ymrc)derc; (413)

where P,(Ymrc) is the conditional probability of error for the modulation scheme used and fy, .
is the conditional PDF of combiner output SINR. In practice, P,(y) = Q (a\/2¢Ymrc), a and g are

modulation specifying parameters eg. a = 1,g = 1 for BPSK, a = 1,g = 0.5 for binary frequency

shift keying (BFSK), a = 2(%—1) ,8 = M23_1 for M-ary pulse amplitude modulation, and a = 2,g =

sinzﬁ for M-ary phase shift keying. For the SINR derived in Equation 4.4, the ASEP can be derived

as [25]
P, = /aQ 28Ymrc / 1 +Z px 1 ‘l’Z)'Ymrc]pz(Z)dZd'Ymrc- (414)
0 0
3
Substituting Q(v/2g¥mrc) = 3 [ exp ( Bl )de [3], a closed form expression for the ASEP can be
0

derived as shown in Appendix A.10.3, as

o= [ () () () () T (g™
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><<I><l+le—|—mN k+1,T<1+n—%))}, (4.15)

where I'(+) is the gamma function [10, (8.310.1)] and ®(a,b,c) is the hypergeometric function of

first kind [10, (9.210.1)].

An expression for ASEP for BPSK modulation (¢ = 1, g = 1) can be obtained from Equation 4.15

as
IR )
X¢<l+miN’l+miN_k+% ;Q_B(”%Y))} (4.16)

4.4 Numerical and Simulation Results

The numerical results of the outage probability and ASEP are shown in Figures 4.2-4.12. The
outage probability and the ASEP expressions are numerically evaluated using MATHEMATICA.
Figure 4.2 shows the outage probability for different values of L. For L=4, N=1,m;=1,m=1,
Y= 1,7, =1, P, is plotted for different values of €. As the value of € decreases from 0.99 to 0.80,
the outage performance improves gradually. When the value of L is increased from 4 to 8 the outage
performance improved well. Figure 4.3 shows the outage probability for L=4,€=0.80, m; =1, m
=1,Y=1,%; = 1 and for different values of N. As the value of N increases, the outage performance
decreases for each increase in N. Figure 4.4 shows the outage probability for L=4,e€=0.99, N =1,
Y;=1, ¥=1 and for different values of m and m;. When m; decreases from 1 to 0.5 the performance
degrades as a low value of m; indicates severe fading. Similar performance can be observed for
variation in m. Figure 4.5 shows the outage performance, for L=4,N=1,m;=1,m=1,y=1,¢e=
0.95 and ¥; is varied. As the value of ¥; is varied from 1 to 4 the performance degrades, as expected.
Figure 4.7 shows the outage performance, P,,; vs average SNR for L=4, N=1,m;=1,m=1,
and ¥; = 1 and L is varied. As the value of L is varied from 4 to 8 the performance improves. For

each value of L the outage performance is plotted for different values of €. Figure 4.8 shows the
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ASEP for different values of L. For L=4, N=1,m; =1, m =1, ¥; = 1, the ASEP is plotted for
different values of €. As the value of € is decreased from 0.99 to 0.80 the performance improves.
Similar results are obtained for L = 8. Figure 4.9 shows the ASEP for L=4, m;=1,m=1,7%,=1,
€ = 0.80 and for different values of N. As the value of N is increased from 1, 2, 3, and 5 the ASEP
performance degrades as expected. Figure 4.10 shows the ASEP for L =4, N=1,%, =1, €=0.80 and
for different values of m; and m. For decrease in value of m from 2 to 1 the performance degrades
comparatively. Similar results are obtained for variation in m;. Figure 4.11 shows the ASEP for L =
4, N=1,m;=1,m=1, € =1 and for different values of y; = 1. As the value of ¥, = 1 is increased
from 1, 2, 5, and 6 the ASEP performance degrades as expected. Figure 4.12 shows the ASEP
performance for 4-PSK, 8-PSK, modulations, N =1, L =8, m; =1, m=1, 7Y, = 1 and € is varied
for each type of modulation. The performance has improved for 4-PSK, when compared to 8-PSK.
For each modulation the ASEP is plotted for different values of €. As the value of € is increased
from 0.99 to 0.85 the ASEP performance improves gradually. In all figures computer simulation
results are also plotted to verify the correctness of the numerical results. The simulation results on

an average match with the numerical results.
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Numerical and Simulation Results
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Figure 4.1: Outage probability of L-MRC receiver in Nakagami-m fading channels for N =1, m =1,

m; =1 and Y= 1dB.
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Figure 4.3: Outage probability of L-MRC receiver in Nakagami-m fading channels with L =4, m =
I,mi=1,Yy=1dB and ¥, = 1dB.
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Figure 4.4: Outage probability of L-MRC receiver in Nakagami-m fading channels for L = 4, N=1,
Y=1andy, = 1dB.
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Figure 4.5: Outage probability of L-MRC receiver in Nakagami-m fading channels with L =4, N=1,
m=1,m;=1andy= 1dB.
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Figure 4.6: ASEP of L-MRC receiver in Nakagami-m fading channels with N=1,m =1, m; =1 and
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Figure 4.7: Outage probability of L-MRC receiver in Nakagami-m fading channels with N=1, m =
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Figure 4.9: ASEP of L-MRC receiver in Nakagami-m fading channels with L=4, m = 1, m; = 1 and
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Figure 4.10: ASEP of L-MRC receiver in Nakagami-m fading channels with N=1, L=4, ¥, = 1dB.
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Figure 4.11: ASEP of L-MRC receiver in Nakagami-m fading channels with N=1, L=8, m = 1 and
m; = 1.
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Figure 4.12: ASEP of L-MRC receiver in Nakagami-m fading channels with N=1, m =1, m; =1,
Y; = 1 and L=8.
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4.5 Summary

In this chapter, performance analysis of L-MRC receiver with channel estimation error and CCI over

Nakagami-m fading channels is presented. The summary of the work included is enumerated below.
1. Closed form expression for the PDF of MRC output SINR is derived.
2. Closed form expression for the outage probability of MRC receiver is derived.
3. Closed form expression for the ASEP for digital modulation schemes is derived.

4. Numerical and simulation results for outage and ASEP derived above are presented.
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Chapter 5

Conclusions and Future Work

Performance analysis of diversity combining receivers over various fading channels is presented
taking phase estimation error, CCI and AWGN into account. The performance measures considered
are combiner output SNR, outage probability and ABEP of the system. In particular, for a dual-
EGC receiver ABEP performance is obtained for correlated Hoyt, Nakagami-m, composite and
non-homogeneous fading channels using MGF based approach. A PDF based approach is used
to obtain the outage and ABEP performance of dual-EGC in Nakagami-m fading channels. For
a L-EGC, outage probability is obtained over composite fading channels neglecting AWGN. Again
using PDF based approach, outage and ABEP of L-EGC receiver is obtained for Nakagami-m fading
channels for phase error and AWGN only.

For L-MRC receiver, outage and ASEP performance are obtained for Nakagami-m fading chan-
nels in the presence of channel estimation error and CCI. Closed-form expressions for MRC output
SINR PDF, outage probability and ASEP are presented.

The obtained expressions are verified with published results in literature which are special cases
of the system under consideration. Numerical results are plotted as a function of system parameters
for the purpose of illustration and the effect of system parameters on the performance is studied.

Simulation results are plotted with the numerical results and found to be closely matching.
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5.1 Future Work

Some of the potential research works in the area related to the work presented in this thesis can be

as listed below:

1. ABEP of L-EGC receiver over fading channels with phase error and CCI for other modulation

techniques.

2. Performance analysis of EGC Receivers with phase error and adjacent channel interference.

3. Performance analysis of EGC receivers with arbitrary fading parameters and unequal branch

SNRs.
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Derivation of Expressions

A.1 Demodulated Signal at the EGC Output

The received signal at the /' receiving antenna of the EGC combiner is given in Equation 2.2 as

N
ri(t) = (lesejq)’*sss(t) —|—nl,s(t) + Zocl,,-e””vis,-(t),O R O . ==L,
i=1

The receiver estimates the phase of the desired signal and uses a matched filter with impulse response

lth

gr(T —t). Let the estimated phase of the carrier of the desired signal received at the /" antenna to

be e~ /0, Thus, the matched filter output can be given as
R t R t
i) = agoy @) / er(0)gr (T — (1 —7))du+e 0 / n15(0)gr (T — (t —1))dt
0 0
N R t
+ Y aiay el @) [ g (@)gr(T (¢~ ). (A1)
~ /

1=

From Equation A.1, the sampled output of the matched filter at # = 7' can be obtained as
T T T

_ N R
o= asOCl.,sem”/ng(T)dTﬂLe_]q)’*s/nz,s(T)gT(T)dT+ Zaial,ie](q)[’i_q)l’S)/g%(T)dT
0 0 =1 0
.. o N . ~
= aEgoy Vs 4 ng e % +E, Z al.(xlﬂ.ej(q)l.i*q)l,s)’ (A.2)

i=1

TH-1272_06610211 104



Appendix

o T
where E; = [ g7.(t)dt, no; = [ n5(t)gr(t)dt which can be shown to be Gaussian with zero mean
0 0

and power spectral density NoE, and Y, = ¢ s — 6173. Hence, the combined signal sample at the L

branch EGC receiver output can be written as

L L _ N L L
y = Egay Z ocl7sef"”vs sl Z n()?,e*f“”vs +E, Z Z aial7ief(¢l.i_¢l,s). (A.3)
=1 =1 i=1l=1

A.2  Output SINR of EGC Receiver

The expression for the EGC receiver output signal in Equation A.3 has three terms. The first term is
due to the desired signal, the second term is due to the AWGN noise and the third term is due to the
interfering signal of the CCI users. The SINR is defined as the ratio of the signal power to the total

power due to the AWGN and the CCI signals. Power of each term is obtained below:

1. Signal power at the combiner output from the first term in Equation A.3 is [3, 16]
2

P =E; (A.4)

L
Z O s COS Y 5
=1

2. Total noise power at the combiner output can be derived as follows:

Noise power of the noise component n()’le_jq’lss of the second term in Equation A.3 can be

given as E [(n07le*j$l-f)2] [54]. It is derived below:

T
E[(noyle_jq’l,s)z] = F /nz,s(f)gr(t)dw_jq’lvs

*
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T

T T
= No// (t1 —t2)gr(t1)gr(t2)dndt —No/ng (t1)dt; = NoE,.
00 0

Thus, total noise power is LNyE,.

N L
3. From the third term in Equation A.3, the total interference power can be given as E § Y ¥ [ocl i
i=1l=1

[23].

Hence, SINR at the combiner output for dual-EGC receiver (L = 2)can be written as

2 2 2
. {f 0t 5 €O (tws)} ¥ [f oy 5cos (V. y)} | [Z Vi cos (i)
Yegc E 2 - 5 ) (AS)
1+ 2N 121 1): [oF ] 1+ Z_NO El 1; (o7 ] 1+3 ,):1 1):1 [v,.]
Thus, the nth moment of v,,. can be given as
2 27"
1" [ Y Vi scos (Wl,s):|
Ef] = (3)
(Hé; £ [1.)
1\" [& v 1
= (5) E 12‘1 Yiscos (Wis) | E : (A.6)

<1+§ g ) Yz,;)

i=11=1

2 2n
Applying binomial theorem [10, (1.111)], £ [ Y /Yiscos (\phs)] in Equation A.6 can be expressed
=1

as
) 2n .. [,Yllq s/2yk2/2] 5
E|Y \Aiscos (\l’l,s)] =(2n)! Y, T H [COS (w1, s)] (A7)
2=2n—k

The second expectation term in Equation A.6 can be written as

( %éiw) :EK ” Z(HZ) Qe A

E
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N 2
where z = é Y. Y V.- The PDF of z can be given as (Appendix A.10.1)
i=1[=1

2m,~)2m’N Z2miN—1 ( 2m; )
2)=|— ———exp| ——=z2 (A9)
Pl ( Yi remN) P\ %
Assuming 7, ;s are iid, i.e., ¥;; = 7; [3, (2.23)]] and substituting Equation A.9 in Equation A.8, we
get
2mN <
£ v - (2?%) ’” 2 ) /( T ) i exp (jﬁniz) &
. m; 2) .

2
- ‘P(sz 2mN+1— ﬂ) (A.10)

i
where the integration in Equation A.10 can be solved by applying [10, (3.383/5)] and ¥(a;b;z) is
the “confluent hypergeometric function” [10, (9.21)]. Thus, substituting Equations A.10 and A.7 in

Equation A.6 we get the n'" moment of Yege @S,

ki/2, ka/2
C(2n)t & [’Yls’bs} 2 2m;
E Ve =5 L E[ cost (yi,5) | @ 2miN, 2miN 1= n, ) (A1)
ko=2n—ky

A.3 Joint Moments of Correlated Hoyt Fading Channels

Let o s and 0 ¢ be two correlated Hoyt distributed RV with correlation coefficient p. These RVs
can be represented using independent zero mean Gaussian RVs X and Y with variances (5%( and (‘512/,

respectively, as [35]
ofy = X7 +Y7i=1,2. (A.12)

In this representation the Hoyt RV «;  has the marginal PDF given in Equation 1.3, where the fading

E[X1X,] 2 E[XiY)]

ox, 0%, and u; = ox, 0, and p? = ,u] —|—,uz

2
parameter ¢ = G,/G,. Let us definen; =m3 = %, ,u% =
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o ni o n2
An expression for E {(E[o]c% ]> (E[Ozé ]) ], is given as [35]

ny ny
e Ve )
E [oc%’s} E|o3,]
_ i i L (n1 4+ DT (ng+ 1)M2(26)! (201 —26) gt~ 213"
<1+m)”‘ (1+m2)" =5 Th+D)C(e+)E(m—t+1)(n—n+1)

i nlz—:tl 211—211"1+le/2J—t1—11 (_1)12 2(ni+nm—t—iy — j1 — jo) — 111
iZ0%0 5%0  jp=mmy FUTH G0 =20 SRR =t — i = ) !
(22 +2j2— 1)1 (,u >2i2‘2f2(1 p2)"! (A.13)

il jil(2j2 —i2)! \ 2 Ly

where n1, ny, t1, and t, are non-negative integers satisfying ; < n;, i = 1,2, |v] is the greatest integer
less than or equal to v, [v] is the smallest integer greater than or equal to v. The above expression
can be simplified by assuming 62 = 65, q= 65 and ,u% = ,u%. The simplified expression as a function
of v1 s and ¥, ¢ can be given as

g \""" Y f L(m+ 1) (np+1)
r

I+q =i T+ DI (2 + DT (m —1 +1)

Y <1)’1+f2 (211)!(2n1 — 211! (p2>”‘
q [(np—t+1) 2
f nl—tl211—2i1n1+[i2/2}—t1—j1(_l)iz[z(n i — i — i) — 1IN
1+ny—t—ii—ji—j2)— 11!
x) X

i1=0 j1=0 ir=0 ja=lia/2] (2t1 - 2lll . i2>![2("1 -t — jl - 12) + iz]!

X(2l2—|—2J2—1)H( ’1"'/1%!15
i1 (22 — 12),p2(11+11)

E[ l,ls 2,1s:| =

(A.14)

A.4 Derivation of Joint Moments of GG RVs

Let us consider the joint moment expression E [0('1“ agz] for the GG RVs o and o in [50, (8)],

e "
Q1 \B1 (DB
m ny

L' (m1) T (m2) F(ml+%>r<m2+%>’ (A.15)

Elof o2 -
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where Q; = E | [ } Substituting o; from the relation y; = Equatlon A.15 can be rewritten as

n n

([ )] - ) 6@ ) (o))

Bi B2
X2k |:_ﬂ7_ﬂ7m27p:| : (A.16)
T )

Q;
Using the relation [8, (3)], E [a7] = <1:"(’m) I (mi+ é) We can express ( )Bl =E o] —F<F(m1)2 ) .
? mri—m
2.
o ) in Equation A.16 we get

N—
)

P G N GG

T (m1 +%> r<m2+%>21¢1 {—%,—%,mz,p} . (A7)

. — r 5
Putting my = my =myg, B1 =P2 =Ps. 7, = ]]\%E [002] A= (Lé’)z
Bg

1 2

, in Equation A.17 we get,
Fmg )
R )
2 VWY A ni n
E|(v} P = L2 r — | A =
[(”)(VZ)] T(mg)T (mg) (’”“Bg) ( Bg)“[ Be’ Bg’mg"’]

A.5 Derivation of Joint Moments of Generalized-K RVs

Let us consider the joint moment expression E [oc'l” 0('52] for KG RVs a1 and o given below [5, (6)]

E[o]'a}?] = (ﬁF(M+%)F(B+%)sz>2FI [—nl =

ng n
B rmrem? 2 pmp|a 5= B

(A.19)
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Substituting y; = 175 [a?] in Equation A.19

ni nz

oFi [ g me o [-5 -5 e

(A.20)

Using X = EE[a?] = £, [5, (15b)] and putting m = my, B = B in Equation A.20 we get
B N No

nom 2 T (mg+ )T (Be+ ) (1)
E[Y]2 ,Yzz] — H (mk 2) (Bk nl2)ng'yl) 2F1 [ 7121 n22 my, P} 2F1 [ Bk;
=1 F(mk)r(Bk) me Bkz

(A.21)

A.6 Derivation of EGC Output SINR in Asynchronous Case

The EGC instantaneous output SINR can be given from Equation 3.20 as
2

2 2 £ [ 2 e 2
ﬁs Z Oy 5 COS (Wl,s) Z oy s COS (Wl s) Z Yi,s COS (Wl,s)
1 0 1 A%

1
’Yegc — E B ) == 5 — 5 9
1+ (1=B) S E L [0f] ° 14ri X X [of] 1+r L 1 )
4 1 = i=1]=
(A.22)
B
where r = > —+. Thus, the n’ " moment of Yege Can be given from Equation A.22 as
- 2 2 n
1\" |:IZI Yi,s COS (Wl,s):|
E Vo] = <§) E\=r N 2
(147 £ (0]
i i=11=1
n
N\ [2 » 1
— (5) E lZ{ Yiscos ()| E 3 . (A.23)

(1 +ry ¥ Yl,i)

i=1l=1

The first expectation term in Equation A.23 is given in Equation A.7 and is reproduced below.

) 2n . [Yllﬂ/z,ygzﬂ]
Z Yiscos (W) | =(@2n)! ) —HE [cos (w1, s)] (A.24)
=1 k=0 kilks! =1

k2 2n— kl
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The second expectation term in Equation A.23 can be derived by following the same procedure used

for synchronous case in Equation A.8, as

n

1 .
E — (2m,~N, 2miN+1—n, ﬁ) . (A.25)

N 2 :
(1+”Z > Yz,i)

i=1l=1

Assuming 7, ;s are i.i.d, i.e., ¥;; =7;. [3, (2.23)] and substituting Equation A.24 and Equation A.25

in Equation A.23, the nth moment of Y, can be given as

k1/2, k)2
(2n) 2 E [Ylfs/ Yz?s/

! } 2 m;
E [Yege] = 55 kZ:‘,O i I]JIE[COS/@ (wz,s)}‘lf<2m,-N,2m,~N+1—n,E). (A.26)

1
kp=2n—ki

A.7 Derivation of Ey{e /"®0v¥nU}

The integration in Equation 3.41 can be solved by applying [10, (3.462.1)] and the resulting expres-

sion can be given as

| "ZG’OZYth

EU{e—jncoo\/Yth} —ol-n 1;((21:!))6 8(%) 1)_21.| % y (A.27)
2

The parabolic cylinder function D_»y (+) can be expressed as [10, (9.240)]

2 2
d ® n m()ythgi 1 20)2 Ql
D*ZT] ]n()— ”'Yth — 271’]6 8m; IL_:; 2F1 |:T]7 5, = %]
n; .
V2o r (Tn> i
q Q;
V2T jn®o/Yin/ - F N 3 nzﬂ%%hﬂi} A28)
Substituting Equation A.28 in Equation A.27 we get
Ey{e-monivy — VI (2n) L P {n, 1_ "zwﬁ%hﬂi}
I'(n) r'(3+m) 2 4m;

ooy Tn/ p [l 3 neime
F(T]) 217 D) nv )

A2
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Applying the identity [10, (8.335.1)] in Equation A.29 we get

Y

22 Qi
Ty (B )ZFIFMg,_mD.(A.gm
2 2 4m;

5 2
A.8 Derivation of PDF of v, = < Y \/Yicos (wl))
I=1

2 .
EU{e*J'n(DO\/Yth} = LHF [ml %]

The PDF of y; is given in Equation 3.47. Thus, the PDF of ,/y; can be obtained by applying the
technique of transformation of RVs. Assuming x = v, the PDF of y = /¥, can be derived using

formula given in Appendix A.103 as

Forv =2 () =2 (%) M) s

The PDF of y; is given in Equation 3.47 as

exp[C; cos(Wy)]

210(G,) Jwil <. (A.32)

f\lfz (Wl)

Using the approximation for Bessel function of first kind [10, (8.451.5)] i.e., Ip (§;) ~ and the

G
) ) V/21g;
Taylor series expansion of cos(y) i.e., cos(y;) = 1 — 3 + 4£; — % + ..., in Equation A.32 we get

Jwi (Wl) g = =

2n/C 21/C 2m /S
([%+st-%e]v)
e e 2
) . | (A.33)
21/ 2m/G

Using the approximate PDF expression for y; in Equation A.33, an expression for the PDF of
cos(y;) can be derived using formula shown in Appendix A.104. An expression for the PDF can be
obtained as

2e” Cg!' CL Ze_%

\/ZTE/C_,\/I—COSZ(w) \/ZJI/C_,\/I—COS2 \/27t/ sin ()

fcos(w) (COS (W) =
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For small values of phase estimation error siny =~ . So, putting in Equation A.34, the PDF can be

expressed as

2C e’%
~ 22
fcos(\yl)(cos(\vl) ~ T . (A.35)

Using the PDFs of /y; and cos\y;, in Equations A.31 and A.35, respectively, the PDF of z =
Vi cos(y;) can be derived as follows:

Let z = xy, where x = ,/¥; and y = cos(;), then the PDF of z can be derived from formula [55]

[}

£ @)= [~ (/) dx (A36)

0

Substituting the PDF of x and z in Equation A.36 we get

_(m "4./( i m—1 —~2(y7)’ —2(32%2
fz(Z)—(y> F(m)z\/ﬁo/\/_z eV e WV d\/fy. (A.37)

Solving the integral in Equation A.37 using [10, (3.478.4)] we get

m\" VG a (¢ 2m{
70 = (5) <r<m>)¢ﬁ Z2m/2K’”<VTIZ>

1 m+ _— 4
Y <\/§) ((f;m% 1Z“<m>eﬁz- (A.38)

where K, (-) is the modified Bessel function of second kind defined as K, (x) = {/7-e .

)=

Integrating Equation A.38 and equating to unity, we get
[} 1 m+% [}
m=z (\/E) 2mg
/fz(Z)dz= (N/ﬁ) . /zm‘%—lev Tz =1.
Y m-=3
0 <\/§> '(m)o
Applying [10, (3.381.1)] the integration in L.H.S. of Equation A.39 can be solved as

( ﬂ)m_é <\/E)3m+2 r<m—1>< 2&9><m2>1. (A39)

Vo (va) e N AT

Y
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_1y?
From Equation A.39, {; can be determined as {; = 225(_"11)—[;()”1)}2

I=1
derived in two steps. First, we have to obtain the PDF of Y = z; + 22+ ... 4+ zz, which is the sum

L
From Equation A.38, the PDF of Yo = ( Y \/Yicos (\Ifl)) =(z1+z22+...+z)? =y* canbe

of L RVs, using the characteristic function approach followed in [15, Sec. 14.4, Equations (14-4-9)-
(14-4-13)]. Then, the PDF of Yo = y? can be obtained by transformation of RV method. These two
steps are used as below:

Characteristic function of z; can be given as [55]

0: (@) = [ falae™dz
0

. m+% -
et (VE) (o)
= (/= - /zl(’"—%)—le T . (A40)
b m-3

(\/Q) '(m)o
The integration in Equation A.40 can be solved by applying [10, (3.381.1)]. Thus, ¢;,(®) can be

expressed as

9, (0) = (ﬁ) " (é\;?:::m)r <m - %) (@— jm) _<m_;). (A41)

Since, z;s are statistically independent, the characteristic function of y =z +z2+... 421 = [@;, ( m)]L .

Hence,

_ m L(m—é)(\/E>L(m+é)[F(m—%)}L 2mG S A42
v W e W) e

Using the inverse Fourier transform, the PDF of y can be given from formula as

1 7 .
fr(3) = 5 / o, () e /¥ do. (A43)
0

Substituting Equation A.42 in Equation A.43 and applying [10, (3.382.7)] to solve the integration
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we get
| L(m+%) _ e
fr(y) = ( ﬁ)“’"” (V&) [F(m:%)}Li Jos ( %_m> -
’Y r*(m)L<\/§ L(m_i) 27[0 ,Y
L m+%) [F (m— %)]LyL(m—l/z)—le— zn;gly

The PDF of Yo = y? can be derived from fy (y) using transformation of RVs technique as

i - () et
Yege (Yege Y (2)L(%*%)+1[F(m)]LF [L (m— 1/2)]

Lim—1/2)=2 _ /2m§
XVege 2 e V 7 e (A.44)

A.8.1 Derivation of Outage Probability of EGC

The outage probability of Y. can be derived by substituting fy,,. (Yegc) in Equation 2.4

P = (/D) (V&) " -y

v @ E D (m)]EC (L (m - 1/2)]
Yin
2m{;
X / \/@“”1—1/2)—%‘@ VI Y e (A.45)
0

Substituting  /Yege = U, dYege = 2udu and applying [10, (3.381.1)], the integration in Equation A.45

can be solved. Thus, P,,; can be given as

T (va) " -y

Y ()G =D (m)TL (m— 1/2)]

Y

—— lun-172) .
x (, /mTCl> v <mL— 1 n;Cz%h> . (A.46)
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Applying formula [10, (8.352.1)] to the above equation and simplifying the terms, the outage prob-

ability can be expressed as

(A47)

A.8.2 Derivation of Average Bit Error Probability

Substituting the obtained PDF of Y., from Equation A.44 in Equation 3.51, the ABEP can be ex-

pressed as

] (m)um—;) (VE)“’””[r(m—%)}L

= WA @M E DD () PO (L 1/2)]
X/ O/ 2Vege) v/ Tege- "2~ F@dv (A.48)
0

2n+1
Substituting | /Yege = , dYege = 2udu and putting O(+/2Yeec) = % ( — \/%»E Z %) , in
Equation A.48, we get

b (v8) " rem-

SO ()T (L (m—1/2)]

[1 2 & (= Lim—1/2)+2n+1)~1 —/ 2ol
></2 (1 \/ﬁr;)n!(2n+l)>u e “du. (A.49)

Applying [10, (8.381.4)] to solve the integration in Equation A.49, ABEP can be expressed as

N“m
Il
S
=3
.l
=
i
[§S]
~
\e)
S—
=
(SN

}’l

| - 5 C (2n+1)
p _ - _ _ £msi
Fe=35 Jtr;)n' 2n+1 (L (m 1/2)+(2n+1))< ¥ > '
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A.9 Derivation of Y., with Phase Error and CCI - PDF Based

Approach

L 2
In Equation 3.45, the signal power at the combiner output is given by Eg [ Y, oy cosy; s} as shown
=1

in Appendix A.2. Total Noise power = NyE, as shown in Appendix A.2. Interference signal power

2
L
at the combiner output is given by E§ [ ) oy gcos ‘l’l,z} . Output SINR can be expressed as
=1

2 2
£ o]

Yege = (A.50)

N 2 '
1+ ;1 [El VT, cos Y i]?
A.9.1 Derivation of PDF of v,

From Equation A.50, Y. can be written as Yoo = li—l—z The PDF of Y. can be derived using

formula [25, (8)]
froe W) = [ (L+DAA+ NS (A1)

The PDF of x and z are given by Equation 3.29, Equation 3.30 respectively. Substituting the PDF of
x and z in Equation A.51 we get,

miyt el gy )

ege (Yege) = (NYi 2’”1'*%1“(2171,' = (mi)]z Y 2m*%r(2m - (m)]2

r 2(mi—1)—1 — B2
< [ VIR fr o)

0

2(m—1)—1

e V %\/mdz.
(A.52)

Rearranging the terms in A.52,

< m; )’"i‘i G2 [ (mi— 3)]?
NYi) 2" 3T (2m;— 1) [T (m;)]?

) <@) m—>% Cm+% [1—‘ (m_ %)]2 (\/y_)z(m—l)—le—\/if(\/@)

v/  ir@m-n[Cm)P?

Frege (Yege)
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2m,' gl‘

r —1)—1 —\/ " _ [ 2mYege
% /(l_i_Z)Zm—l(\/E)z(m: 1) LV ™ \/Ee e ﬁdz. (A.53)
0

Applying Binomial theorem [10, (1.111)], for the term (14 z)z’"—l in Equation A.53
41
_ (i) G A (= 5)]”
NY; 2m=3T (2m; — 1) [ (my))?
1 ] 2
(2 el et

v) 2 rem—nrmp Y

“o2m—1 i . ZLLCI 2’"‘:_Yegc
FE (2 Do ware e W),
k=0

0

Pege (Yege)

X

(A.54)

Taking /z = u, dz = 2udu and applying the integration formula, [10, (3.381.4)] in Equation A.54
we get,
mi— L 1 2
o) = (YT )
s NY) 2730 (2m;— 1) [T (m;))?

(@)m_2 g2 [T (m—1)]

¥ 2m=3T (2m — 1) [T (m)]

2m=1 /1 1 mCy ol —(2(mi+k)—1)
m— A _ MG Yegc m;G;
Y ( y )r(z(ml+k) 1)<\/ = + N, ) :

k=0

2m{

(e 20V ()

X

A.9.2 Derivation of Outage Probability of EGC

The outage probability of Y. can be derived as [25, (8)]

Yin oo

Puatn) = [ [+ £l 4+ ted] £z (A.55)
00

The PDF of x and z is given by Equation 3.29, Equation 3.30, respectively. Substituting the PDF of
x and z in A.55 we get,

A (i)m G T (= 3)]° <@)m% g (m— )]

NY; 23T (2m; — 1) [T (m))> \ ¥ 2m=3T (2m — 1) [[" (m)]?
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o Yih _ [ 2m=1)-1
« // (1 +Z) (\/E)Z(mi—l)—le NY; \/2( (1 +Z)'Yegc> e— T\/ (1+Z)YegchdYegc-
00
(A.56)
Taking the integration part alone in A.56 we have,
" 1 . 2m C’ _ 2m
/ (1+2)"2(yz) 2! " / o) VIV gy a: (A5T)
0
Let | /Yege = U, dYeqc = 2udu and applying [10, (3.381.1)] the integration in Equation A.57 can be
solved as
i e fang) (142
/ (1+2™ 2 )Z(miil) R v|2m—1, u%h .
5 Y Y

Applying [10, (8.352.1)] and rearranging the terms outage probability can be expressed as,

. - ( m; )mi—é gimi+% [F (mi — %)}2
out — INOR
NY; 23T (2m; — 1) [T (m;))?

2m
_ VT \/ (142)y,
2m;G; zmc 2m—1 2m§z ( th)
\[ 1 e Yth e Y

> / m, —] N'yl . Z
J - k!

(A.58)

Applying the binomial theorem [10, (1.111)] in A.58 we get,

—_— mi l ©

P (ﬂ)ml e +2[F(mi_%)}2 /(\/- 2(mi—1)-1_~ N%Cl\ﬁd

out — = 1 ) Z) € <
NYi 22T (2mi — 1) [T (mg)]”

k
2mg
g, 2m— 1( ?Yth) k (i g
/ = Vih v Z (k> (\/2)2(1’”1'*1)4“21*18 < VA Yth)ﬁdz.

Taking /z = u, dz = 2udu and applying [10, (3.381.4)] for solving the integration, and rearranging

the terms in (A.59) we get,

D=

("GO =)
Pour = 1 (N'_Yi) 2m1'—%r‘(2ml~—1)[r(mi)]2
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x 2"1212()(\/77111) VI 1)

0 I=0

—(2(mi+1)—1)
2m,~§,~ 4 ZmC’Y
NY; v |

A.10 Output SINR of MRC Receiver

On rearranging the terms Equation 4.3 can be rewritten as

L A~
= a;Eg\V/1—¢€? Z 0‘1 +aE Z evd}k"ge—jq)m

-I-Zno;OLI e J¢“+E ZZalocllejq’”oc, e I0s. (A.59)
i=1l=

2
From Equation (A.59), signal power at the output of MRC can be given as Ez( e?) ( Y G s) .
Since, v is complex Gaussian with zero mean and unit variance, the total power due to error compo-
.
202 v B2
nent is E;€ l; g
Total noise power at the combiner output can be derived as below:

Since, ng; and oy ¢ are statistically independent, the total noise power can be given as

T 2 "

E / nsMgrtdt| | = E /T n5(1)gr (T /T (0
0

0 0

T T
= [ [ E[m@m 0)]er @)er ydvar
00
= N / 2 (t)dt = EgNo. (A.60)
0

Total power due to noise component can be derived as Z o SNOE Total power due to the interfer-
l_
ence com 2 2 67
ponent is E; Z Z O‘,,O‘l 5
1 1/=1
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Instantaneous output SINR can be written as
L 2
2 2 A2
E; (1—¢%) (12 ochs)

L N L )
A2 N2 2 2 A2
0+ IZI 0y NoEg + Eg _Zl IZ] o O
= i=1]=

(A.61)

L
Dividing Equation A.61 by Y, 6612 NOE; the output SINR of MRC receiver is given by
=%

() _(5m)
(1+¢e2) (Elyl,s _T] llel,s "
N

L N
_ 1€ p_ 1 i _
wheren =175, B= 17z, x= nl)_:l Yis and z =1 E] Yii

A.10.1 Derivation of PDF of x in Section 4.1

i
Consider x =1 ). v, ;. The PDF of x can be derived following the procedure given in [15, (14-4-9)-
I=1
(14-4-13)]. It is as given below.
The PDF of vy, ; can be given as [3, (2.21)]

m ai—1
m\" Y m
puc )= (55) e (5. ) 120 Ao

where Y is the average SNR. The characteristic function of y; ¢ can be obtained as below.

-1

. . 7 m m’Yle m -
q)'YZ,s (]0)) - O/(?) F(m) exXp <_§'Yl,s> e’ Yd'Y

- () o on (G- L e

where we used Equation [10, (3.381.4)], to solve the above integration. Using Equation A.63, an
L

=<IZ

expression for characteristic function of }. ¢y, (j®) can be given as
=1
mL
- (%)
[T0u, (o) = (A.64)
=1

mL"’

(
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L
The PDF of ). v, , can be derived by taking inverse Fourier transform of Equation A.64 as
=1

p mL 7 —mL
f0) = 5 Jon oye (%) / (2-so) e o

mL  mL—1
_ ¥ =
= (7) F(mL) i (A.65)

where we have used the formula [10, (3.382.7)] to evaluate the above integration. Thus, the PDF of

L
x=m Y Y can be derived from A.65 using functions of random variables method [55] and it can
I=1

. mL 1 mLYmL_1 m
w0=(3) &) o™ (A0

A.10.2 Derivation of PDF of v,

be given as

3

Substituting the PDF of x and z from Equations 4.6 and 4.7 in Equation 4.5, the PDF of ¥, can be

expressed as

(o)

(1+42) (1 +2)Ymre) fo(2)dz

mL—1 m (14+2)Ymre miNfl m;
[(1 ‘f—Z) Ymrc] €7<7 nY ) Z 67(77 )dZ
I (mL) I'(m;N)

merc (Yer’)

el

1+72)

o\go\

(
mL mN
(ﬂ_) (ﬂ-l> mYmn p mMYmre | M4 1
ny B L /1+ZmLmN1<W+ >dz (A.67)
0

Applying Binomial theorem [10, (1.111)], (reproduced in Equation A.88) to (1 + z)" in Equa-

tion A.67 we get

6" :

1T_Y W) I—1 — m“{mrc /‘ k+m N— 1 mYm)c +m, 1 )

¢/ = n [ A.68

merc' (Ymr ) F (mL) F (m,N) 'YIZVC € k‘ mL k ' Z ( )
0

Applying [10, (3.381.4)] in Equation A.68 to solve the integration we get

ml mN mL k+m;N
m nm; 1 _MYmrc mlL k -+ ml-N MYre m; 1 i
merc(Yer) = (—_) <—_) ml;c le™™m Z —‘( ) ( _Y + ?_) ]
ny BYi & (mL—k)!\ &k m B
(A.69)
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A.10.3 Derivation of Outage Probability of MRC

Rearranging the terms, Equation 4.11 can be rewritten as
Yen

P ( )_ m; i m mL 1 /°°(1+ )mL miN—1 —%é mL—1 _(1+ZZI“%l/nrcmd d
out\Vth) = BY; n T (miN) T (mL) J Z)7 e J Yonre € VYired?Z.

(A.70)
The integration w.r.t. Y, in Equation A.70 can be solved by applying the identity in [10, (3.381.1)].

The resulting expression becomes

Pou(Ymn) - = (%) " (%) er (ml-N;F (mL)

_mz [ /(1 —ml 1
x/(l +2)" N e B (—( +_Z)m) v (mL, (L 2)pm +Z2Ythm>
ny ny
0
Applying formula [10, (8.352.1)] (reproduced in Equation A.97), Equation A.71 can be rewritten as

miN = . mL—1
m; 1 / miN—1 — Mz _ (42)ym (
P, = | — i B |1— n E
ou (1) (B?f) I (m;N) : ‘ ‘ =0
4 =

dz.(A.71)

(1 +Z)_Ythm ) k
d

] (A.72)

Equation A.97 is valid for integer value of mL and L takes only integer values. Hence, Equation A.72

is valid only for integer values of m. Rearranging the terms in Equation A.72, we get

iN oo N
PUW(YIh) — (ﬂf)m 1 /ZmiNle—;{l?édZ
BY:) T (mN))
(ayym \

m;N oY . mL—1 2
mi \" 1 / miN—1 — 5% L ( ny )
= VTl T Wi B -~ dz. (A.73)
<l3%') L (miN) J k_;) k!

Applying formula [10, (3.381.1)] (reproduced in Equation A.95) to the first integration and binomial
expansion (Equation A.88) to the second integration of Equation A.73, an expression for Py, (Y1)

can be given as

k
mN  — Yen™ L—1 k A 'Yzhln ) o . "
m; e W n N+I—1 —<%+Y’L-)z
Pous (Yin) = 1 — (—) Y %~ / N T R gz (AT74)
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Applying formula [10, (3.381.1)] (reproduced in Equation A.95) to evaluate the integration in Equa-

tion A.74 and rearranging the terms, the closed from expression for P,,; can be given as

m;N mL—1 k k —(m;N+I)
m; _dYgm 1 m miN+1—1 m;  Ygm

Foultin) = 1_( _) ¢ Z Z k—1 ‘(Yth_) ( ) )( v th_) '
BYi = = (k=D ny B, Y

(A.75)

A.10.4 Derivation of ASEP of MRC

Substituting the pdf of x and z from Equations 4.6 and 4.7 and Q(\/2gYurc) = = [exp < 8¥nre )de

1
n sin@

O —uwa

where a and g are modulation specifying parameters, in Equation 4.14 and rearranging the terms we

get

+2)

)'Ymrc derc dZ d9

(A.76)
Applying formula [10, (3.381.1)] to solve the integration Equation A.76 and rearranging the terms

we get,

$in%0 + 2

B, o |
B, = %//szN—le‘("v?é) (ﬂ> dzd®, (A.77)
00

0/ o\
where 2U%2 — ¢ Applying identity %g ( s ) do =I(0,%,mL),—n < ¢ <7 [25], Equa-

m
Yy o1 sm26+§

tion A.77 can be written as

a m z L_Y
BY: /Zm,N 1 - TE I (g, (1 m ,mL) dz. (A78)

Applying Equations 11, 12 and 13 of [25] the integral in Equation A.78 can be evaluated and the

expression for p, can be obtained as

n =S EERO0 6 R )T E)

1”IYg
x‘I’(l—{—le—{—mN k+§ 7:5( m))} (A.79)
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A.11 Padé Approximation

. . nd S VooeS" . . .
Let us consider the expression My, (s) = ¥ %E [Yeges"] = ¥ ~%—, which requires infinite number
n=0" n=0 "

of moments of Y, to evaluate the series. But in practice, only a finite number of moments can be

K o o
used to evaluate the series. This can be done by truncating the series as My, (s) = ¥ %lfl"!s

n=0

, which
requires only K number of moments of Y, for the evaluation.

To obtain the best approximation to My, (s), Padé approximation method can be used which is
already applied in several fields to approximate series, where practically only few coefficients are
known [34]. A Padé approximant is a rational function approximation of a specified order M for
the denominator and N for the numerator whose power series expansion agrees with the order of the
expansion of My, (s). The rational function

N :
Y a;st
i=0

14+ Y bist
=1

1

is said to be the Padé approximant of any series of order N+ M [56]. Applying it, My, (s) can be

approximated as

N .
Y a;s' N4+M~t o1 K ~ o
=0 ~ Yggcs ~ yelgcs
Ry (s)=———=) ——=) — (A81)
1+ Z b,'Sl n=0 n=0
i=1

To obtain the Padé approximant Ry y (s) to the series we need to find the coefficients a;s and b;s.
Padé approximants are available in most mathematical software packages, such as MATHEMAT-
ICA, MATLAB, and MAPLE. In the numerical evaluation of expressions in the thesis work the
Padé approximants are evaluated by using MATHEMATICA software.

The manual derivation steps of Padé approximants is explained with an example as given below.

Let us consider the expression
2 4 x6

§(x) = Cos(x) = 1=+ +

N +... (A.82)
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The Padé rational function for g(x) can be given as

N .
Y pixt
= P
§(0) = Ry () =~ — QN((’;)) (A83)
I+ ¥ giv M

N Mo
where Py(x) = Y pix' is the numerator polynomial and Qu(x) = 1 + Y g;x' is the denominator
i=0 i=1

polynomial. Taking M = N = 4, we can express Py (x) = po + p1x+ pax® + p3x> + pax* and Qp(x) =

1+ q1x + qax* + qa3x> + qax*. We can also write

2 4 6 8
g(x)zl—x—%—x——x——k a

9
A.84
> T2~ 70 " 20320 TOM (A.84)

neglecting all higher order terms than x8. Further, from Equation A.83 we have

g (x) Om (x) = Py(x) =0

1 1
= (1—po)+(—p1+q1)x+ (—— —pz+qz) X+ <—P3 — q—+q3> .

2 2
1 q2 4 <q1 6]3) 5 I @ qa) ¢
i (24 & 2+q4)x+ 24 2)"\ 720 22 2 )"
q1 q3) 7 1 92 | 94\ 3 9
- B v Ol° = 0. A85
; ( 720 " 24) " +<4o320 720+24)x +OH (6.83)

In Equation A.85, equating coefficients to zero and solving, we get po =1, p1 =0, pr = %125,

p3=0, pg = %, q1=0,q = 57121, gz =0and g4 = %. Hence, the Padé approximant for the
series g (x) = Cos(x) can be given as

15120 — 6900x% + 313x*

R . A.86
44(%) 15120 4 660x2 + 1354 (A.86)
The error in the approximation over the interval [-1,1] can be obtained as
15120 — 6900x% + 313x*
—R = C — A.87

which results in a maximum error of | f (x) — R 4(x)| < 3.5987 x 1077,
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A.12 Padé Approximation Coefficients in the Numerical Evalu-
ation of Equation 2.8 for GG Fading Channels

These coefficients are generated by MATHEMATICA programme.
ForN=6,p=0,Y(dB):

1. y=0, order 4/5,
ai =1,1.3167s,0.488059s2,0.0392462s>,0.000163502s%,
bi = 1,1.93406s, 1.343515%,0.398507s,0.0459701s*,0.00151048s>.

2. y=15, order 4/5,
a; =1,4.16377s,4.88059s%,1.24107s%,0.0163502s%,
bi =1,6.11603s,13.4351s%,12.6019s>,4.59701s*,0.477656s°.

3. Y= 15, order 4/5,
a; = 1,41.6377s,488.059s2, 1241.07s>,163.502s",
bi =1,61.1603s,1343.51s%,12601.95%,45970.1s*,47765.6s°.

For N =10,p =0:

1. y=0, order 4/5,
a; = 1,1.34168s,0.577437s%,0.0807097s>,0.000656385s*,
bi =1,1.653375,0.997046s2,0.264435s>,0.02840415*,0.000719649s°.

2. y=15, order 4/5,
a; = 1,4.24277s,5.774375%,2.552265%,0.065638s",
bi =1,5.228425,9.97046s%,8.36217s>,2.84041s5*,0.227573s°.

3. y= 15, order 4/5,
a; = 1,53.41335,915.1755%,5092.445% 1648.75s%,
bi =1,65.822s,1580.21s%,16684.7s>,71347.85s*,71964 .95 .
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A.13 Padé Approximation Coefficients in the Numerical Evalu-
ation of Equation 2.8 for K; Fading Channels

These coefficients are generated by MATHEMATICA program.
For N =6,p =0, yin (dB):

1. Y= 0, order 3/4,
ai =1,1.19518s,0.32449552,0.0000161468s°,
bi = 1,1.54936s,0.7507915%,0.122463s>,0.0036963s*.

2. y=15, order 3/4,
a; = 1,3.77948s, 3.24495s%,0.000510606s>,
bi = 1,4.8995s,7.50791s2,3.87262s°,0.36963s".

3. Y= 15, order 3/4,
a; = 1,37.7948s,324.495s52,0.510606s°,
bi = 1,48.995s,750.791s%,3872.625>,3696.3s".

For N =10,p =0:

1. y=0, order 3/4,
a; = 1,0.420118s,0.0400947s%,7.01310~"s3,
bi = 1,0.544616s,0.0927679s%,0.00531892s>,0.0000564318s".

2. y=15, order 3/4,
ai = 1,1.67252s,0.635458s2,0.000044249s>,
bi=1,2.16816s,1.470275%,0.335601s>,0.014175s*.

3. y= 15, order 3/4,
a; = 1,13.28535,40.09475%,0.022177s>,
bi =1,17.22235,92.7679s%,168.199s>,56.4318s".
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A.14 Padé Approximation Coefficients in the Numerical Evalu-
ation of Eq. 2.8 for Nakagami-m Fading Channels

These coefficients are generated by MATHEMATICA programme.

1. ¥=0, order 4/5,
a; = 1,0.927982s,0.1529155%,0.0260852s>,0.000488809s*,
bi = 1,1.38206s,0.58773s%,0.0583506s°,0.00927429s*,0.00076702s°.

2. y=15, order 4/5,
a; = 1,3.69436s,2.42355s52,1.64587s3,0.122783s%,
bi =1,5.50209s,9.31489s%,3.68167s>,2.32965*,0.767025°.

3. Y= 15, order 4/5,
a; = 1,36.9436s,242.355s%,1645.87s>,1227.83s",
bi = 1,55.0209s,931.489s2,3681.67s>,23296.5*,76702.5.

A.15 List of Formulas

(a+x)" = Z rark (A.88)
k=0 k
2.
0x (jo) = / fr (x) e/ ®dx (A.89)
0
3.
fo(x) = % / ¢ (jo) e ™ do (A.90)
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10.

11.

12.

8 — g

/x”leﬁxdx =I'(m)B",n>0

2np’le Pr

I'(v)

(B—ix)"Ve Pdx =

y=ax, fy(y) = 1fx <)—)>

a a

(o)

[(z)= /e“tz‘ldt

0

u

/xﬁ‘le_‘”dx =1 Py (B,uu),p>0
0

X
v (o, x) = /eftaldt,oc>1
0

,p>0

(A.91)

(A.92)

(A.93)

(A.94)

(A.95)

(A.96)

(A.97)

(A.98)

(A.99)
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13.
_ay e (@)
hz) = (E) ,;)k!r(v+k+l) (A.100)
14.
/ e Py = (2B) 2T (v) exp (ﬁ) D_, <L> [Re{B} > 0,Re{v} > 0]
8p V2B ’
’ (A.101)
15.
p _2 VT { plzz] V2mz [1—p3z2}}
D,(z) =22¢ 7 i) P P gl X (A.102)
p(2) =2% {F<ITP> 2°2°2] T(=8) | 2 22
16.
1 —n 1
y=250) = T () y>0 (A.103)
17.
2
y=cosm ) = =i (A.104)
18.
Il
=0 (@) = [ A0 f e/ dx (A.105)
0
19.
1-n ln_l
['(nx)=(2m) 2 B2 H r (x+ S) (A.106)
k=0
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